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1Summary 
In the quest to derive all or the majority of the world’s energy demand from renewable 
energy sources, photoelectrochemical hydrogen generation from aqueous electrolytes using 
nanostructured semiconductors as photocatalyst has attracted a lot of attention. The use of 
aqueous electrolytes both now and in future commercial devices implies the following 
limitations: 
1. Almost all research is carried out at room or close to room temperature, 
precluding studies at higher temperatures where thermodynamics and electrode 
kinetics naturally favour electrolysis. 
2. The need for post-production treatments of the produced hydrogen in order to 
purify, dry, and pressurise it.
3. The presence of gas bubbles which have the capacity to increase electrolyte 
resistance and impede mass diffusion at the electrodes.
Besides, the anode and cathode compartments in most of the current studies are not 
separated, leading to the mixing of the electrode gases. Integration of separate electrode 
compartments into photoelectrochemical hydrogen-generating devices is a vital step towards 
moving research in this area forward.  
All-solid-state photoelectrochemical cells comprising oxide photoanodes, solid electrolytes 
based on polymer electrolyte membranes, and platinum-coated carbon cathodes were 
prepared and their performances evaluated in this thesis. The separation of the electrode 
compartments by a membrane meant that the gases produced at the two electrodes were
prevented from mixing. The photoanode compartment was fed with water vapour or a 
gaseous mixture of water and methanol. The experimental work is presented in four 
manuscripts (chapter 5), and in part of chapter 6. 
In Manuscripts I and II, some of the materials used as photoanodes and solid electrolyte 
were prepared and characterised, with emphasis on nanostructuring, functionality, and 
optical properties. It was observed that the size of WO3 nanorods could be reduced, 
accompanied by the realisation of a phase pure hexagonal structure (elimination of an 
impurity monoclinic phase) and a red-shift in optical absorption. WO3āѿ+2O with its 
molybdenum substituted version was particularly characterised for presence of adsorbed 
water molecules (in addition to the structural water) and presence of defect protons. These 
2are considered important for its use in forming proton conducting composite membranes that 
are amenable to membrane electrode assembly by wet chemistry adhesion. 
Photoelectrochemical cells with the WO3āѿ+2O-based composite membrane were prepared 
with Nafion® molecules as adhesive for membrane electrode assembly. They yielded much 
higher photocurrents than cells assembled by hot-pressing, which is a common method for 
making electrochemical cells based on polymer electrolyte membrane. Specifically, the 
Nafion® molecules enhanced the hydration of the photoanode particles, leading to a more 
efficient utilisation of photogenerated charge carriers. 
For the cells prepared by hot-pressing, enhancement in photocurrent was obtained by 
increasing the temperature and conjugation of the photoanode (TiO2) nanoparticles to an 
electro-active organic molecule. The organic molecules improved the lifetime of 
photogenerated charge carriers in TiO2 by a factor of about two. The optical absorption of 
TiO2 shifted to longer wavelength after hot-pressing. This was attributed to introduction of 
surface defect states near the conduction band of the photocatalyst, based on X-ray 
photoelectron spectroscopy. In general, voltammetry and impedance spectroscopy were used 
to identify the limitations to improving the efficiency of all photoelectrochemical cells.
Finally, comparisons in the performances of a TiO2 photoanode supported on carbon paper
(the conducting substrate) and that on titanium-covered carbon paper are discussed in terms 
of photocurrent generation, stability and the photoanode/current collector interface. The 
performances of the studied photoelectrochemical cells are further analysed from the view 
point of active photoelectrochemical area.
31 Introduction 
1.1 The future of energy 
Advances in energy production and utilisation have become the driving force for industrial 
and technological advancement in the history of humanity, leading to improvement in 
quality of life. This improvement however has come with mixed blessings in the long term, 
notably the pollution of the environment in which those whose lives have been purportedly 
improved live. There is yet another group of people whose lives have generally not improved 
significantly, but who instead have borne the brunt of the appetite of energy gulping 
societies in massive degradation of their land, air and water resources, and sometimes, in 
brutal conflicts. 
Apart from environmental pollution, there is however another issue that concerns or should 
concern the two groups of people identified above. This is the fact that the commonest 
energy source - fossil fuels - is not limitless, both in terms of available and recoverable 
reserves. Fossil fuel as a primary energy source is reported to contribute about 80 % of the 
total energy demand of the world, and this is expected to remain so up to 2030 [1]. The 
depletion of fossil fuels is not a threat in the short to medium term, but there should be no 
doubt that, should the current trend in the use of energy continue, a generation in the distant 
future will be left without enough energy sources to maintain a decent living standard. 
In recent times, there have been increased efforts to tap into primary sources of energy that 
are renewable as a long term replacement for fossil fuels. This is also borne out of the desires 
to cut down on environmental pollution. Solar, hydro, geothermal, biomass, tidal and wind 
are examples of primary sources of renewable energy. Renewable energy sources (RES) 
accounted for about 2.6 % of the world’s primary energy sources in 2004, with the figure 
expected to reach 11.8 % by 2030 [2]. A major problem with some RES, including the sun, 
is that they are not always there and must be used or stored when available. Energy storage 
more often than not entails conversion of energy from one form to another, and re-
conversion to a usable form when the energy is needed. The conversion processes lead to
loss of energy, that is, less energy is available at the end than at the beginning. 
41.2 Energy from the sun 
The sun is by far the biggest primary source of energy – with reference to RES or energy 
sources in general. The annual primary energy consumption of the world is 450 exajoules, 
while the solar radiation reaching the earth is 7,500 times that number [1]. The implication is 
that capturing just 0.1 % of solar irradiance hitting the earth in a year would supply 7.5 times 
the current world energy demand. The problems with solar energy utilisation are firstly, the 
challenges of developing devices and materials that can harvest it at a reasonably high 
efficiency and cost effectiveness, and secondly, finding a way to efficiently store excess 
energy for use when the sun is not shining. The latter problem has not become a big issue yet 
but is something that must be addressed if we must hold on to the hope of seeing the sun 
replace fossil fuels as our dominant primary energy source.  
The two most common ways of capturing energy from the sun are by photovoltaics and solar 
thermal collectors. While the former produces electricity directly, the latter produces heat 
which can be used directly for heating or for generating electricity in steam turbines. In this 
case, the heat can be stored, for example in a molten salt, until when electrical energy is 
needed. 
1.3 Hydrogen as the future of energy 
Hydrogen has been referred to as the energy of the future. It is not in itself an energy source 
but an energy carrier. Just like gasoline, it can be used as a chemical fuel in an internal 
combustion engine but the major attraction for it is its use in a fuel cell to generate 
electricity. A hydrogen economy in which hydrogen is used as the principal energy carrier 
has been envisaged. The challenge to this vision is that about 95 % of the hydrogen produced 
today are used in chemical, petroleum and petrochemical industries for production of 
ammonia, methanol and processing of petroleum products [3].
Whether the energy stored in hydrogen is released by combustion or in a fuel cell, there is 
zero addition of the global warming gas, CO2, to the environment. Thus hydrogen is even 
better than the hydrocarbon with the lowest carbon footprint, methane. However, hydrogen 
is only as clean as the primary source of energy used in producing it. Figure 1.1 shows the 
primary sources of energy that can be used for hydrogen production, and they can be broadly 
divided into fossil fuels, nuclear energy and renewable energy sources. About 96 % of 
current hydrogen production in the world comes from fossil fuels [4], mainly from 
5hydrocarbon fuels reforming processes [5, 6]. These processes have large carbon footprints. 
Only about 4 % of current industrial hydrogen production comes through water electrolysis. 
Ramping up hydrogen production from hydrocarbon fuels to a level big enough to sustain a 
hydrogen economy will mean a more aggressive depletion of limited energy sources. The 
consequences will be more global warming and degradation of the environment. The future 
of a pollution-free hydrogen economy may therefore be hinged on using renewable energy 
sources for hydrogen production.
Figure 1.1: Primary sources of energy for hydrogen production for “a sustainable hydrogen 
economy” [2]
1.4 Hydrogen from water 
Breaking the chemical bonds between oxygen and hydrogen atoms in water molecules will 
lead to the production of oxygen and hydrogen gases. The fact that about 70 % of the earth 
surface is covered by water - streams, lakes, rivers, seas, oceans, etc. - makes this prospect 
particularly interesting for a hydrogen economy. This is especially true if the water splitting 
6can be done without the need for purification of sea water for example, thereby eliminating a 
potential competition between water for domestic use and that for hydrogen production. 
High temperature splitting of water, otherwise known as thermolysis, is one of the ways of 
producing hydrogen from water. This can be accomplished by using solar concentrators or 
nuclear reactors to provide the enormous amount of heat energy needed for the process. The 
fact that the process requires operating temperatures of over 2000 oC imposes a problem of 
material limitation. In addition, the inherent inability of the process to separate the produced 
hydrogen from the product gas mixture introduces an additional difficulty in its practical 
implementation [7]. We shall now turn our attention to electrochemical splitting of water, 
which is the domain where this thesis lies and which is inherently capable of separating the 
produced oxygen and hydrogen.
72 Water electrolysis 
The electrolysis of water is a potential deal breaker in energy production and utilisation. A 
water electrolyser consists of two electrodes where the electrochemical reactions leading to 
gas evolution take place, and an electrolyte to facilitate the movement of ionic species from 
one electrode to the other. The biggest advantage of this method of water splitting and 
hydrogen production in general is that the product gases can be easily separated by putting 
an ion-conducting, gas-impermeable membrane between the two electrodes where oxidation 
(oxygen evolution reaction, OER) and reduction (hydrogen evolution reaction, HER) take 
place. The oxygen and hydrogen evolution terminal or electrodes are correspondingly called 
anode and cathode, and their particular half reactions leading to the evolution of the gases 
depend on the type of electrolyser, as will be shown later. The overall water splitting 
reaction is:
(g)O(g)H(l)OH 22122  (2.1)
The change in standard state Gibbs free energy, ¨* for the reaction at 25 °C and 1 
atmosphere is 237.178 kJ mol-1. The reversible potential (E°) needed to drive the reaction 
can be calculated from:
(2.2)
where F is Faraday’s constant and n is the number of (moles of) electrons involved in the 
reaction. The value of E° is -1.23 V, the negative sign implying that the reaction is 
non-spontaneous and would have to be run by application of electrical energy.
At present, the limitations to adopting water electrolysis as a large scale means of producing 
hydrogen are: 1) The energy needed for water splitting will have to come from somewhere, 
and 2) It takes more energy to split water than can be obtained when the reverse process, 
recombining hydrogen and oxygen in a fuel cell, is implemented1. Electrolysers typically 
operate at around 1.9 V and above [4], more than the reversible potential for water splitting 
1 In principle, reversing the water splitting reaction in a fuel cell should return the same energy (voltage) 
needed to split water in the first place. However, this is not the case because of energy losses due to resistive 
losses and overpotentials at the electrodes, just like in water electrolysis.
$$ nFEǻ*  
8because of ohmic (electrolyte, electrode and electrical connections resistive losses) and non-
ohmic (electrode polarisation) overpotentials. 
The change in Gibbs free energy can be related to the total energy needed for water splitting 
and change in entropy by:
STHG '' ' (2.3) 
ZKHUH¨+LVWKHFKDQJHLQHQWKDOS\-PRO-1, endothermic in this case), T is temperature in 
.HOYLQDQG¨6LVWKHFKDQJHLQHQWURS\-.-1 mol-1). 
Figure 2.1: Plot of E° vs. temperature at 1 atmosphere. The reversible potential was calculated 
based on equation 2.4. The negative sign on the potential is neglected for emphasis.
At 1 atmosphere, the reversible potential varies with temperature according to [8]:
(2.4)
Figure 2.1 shows a plot of calculated potential versus temperature, indicating a decreasing 
reversible potential - and invariably a decreasing Gibbs free energy - with increasing 
temperature at a pressure of 1 atmosphere. In addition to reduced electrical energy input for 
2853 T109.84TlnT109.523T101.54211.5184E  t,
uuu $
9electrolysis, electrode kinetics and the electrolyte conductivity (solid electrolyte in 
particular) are expected to improve with increasing temperature, further reducing the overall 
voltage requirement of an electrolyser. It has been stated that ¨+IRUZDWHUHOHFWURO\VLVFDQ
be reduced from 284 kJ mol-1 for liquid water at 80 °C to 243 kJ mol-1 for steam at 130 °C 
[9].
Further reduction in the cost of water electrolysis is dependent on using efficient electrolytes 
and electrodes. However, these improvements are not that straight forward as will be 
highlighted by briefly considering the major types of electrolysers.                                                         
2.1 Alkaline electrolyser 
Alkaline electrolysis is the most common form of water electrolysis, and has been used 
industrially for several decades [10]. In this system, water is reduced to H2 and OH- at the 
cathode, and the hydroxide ion is conducted through the concentrated alkaline electrolyte to 
the anode where oxygen is evolved. Aqueous KOH (25 to 35 wt %) is a common electrolyte, 
and the separator (between the electrodes) must possess such a porosity that allows the 
electrolyte to pass through while preventing mixing of the anode and cathode gases [4]. The 
half reactions taking place in this type of electrolyser are:
Anode:   2eOHO2OH 2221 (2.4)
Cathode:    2OHH2eO2H 22                                     (2.5)
The main attractions of liquid alkaline water electrolysis lie in the high ionic conductivity of 
the electrolyte and the fact that cheaper materials can be used as electrode materials [11].
However, practical operation of an alkaline electrolyser [4] demands that bubbles - which 
reduce electrolyte conductivity – must be removed from the system, while continual 
injection of high purity water is needed to maintain the concentration of the electrolyte 
during operation. The use of a porous separator between the electrodes compartments can 
lead to problems such as product cross over (mixing of H2 and O2)[10], which can be worse 
at higher temperatures (and invariably higher pressures) [12]. Shunt current occurrence [13]
and use of even higher concentrated alkaline solution [14], with its attendant safety and 
materials degradation concerns, also complicate materials selection and cell design at higher 
temperatures and pressures. In the basic and less complex designs, the need for purification 
of the produced hydrogen and post-production gas compression make this type of 
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electrolyser limited to mainly medium to large scale applications [11]. There is also a big 
concern for the safety of personnel operating an alkaline electrolyser plant due to the use of 
concentrated alkaline solution.
2.2 Polymer electrolyte membrane electrolyser 
The electrolyte in a polymer electrolyte membrane (PEM) electrolyser is a solid, high acidity 
polymeric membrane which ensures effective separation of the electrode gases while at same 
time being very good in the conductivity of protons. A common membrane is the DuPont’s 
product, Nafion®, which contains sulphonic acid terminal groups. These hydrophilic 
terminal groups are responsible for proton conductivity. Pure water is the only feedstock in 
this type of electrolyser and the electrode catalysts are supported on the membrane, leading 
to a more robust and compact design as shown in Figure 2.2. The cell half reactions are:
Anode:   2e2HOOH 2212                                  (2.6)
Cathode: 2H2e2H    (2.7)
Figure 2.2: Schematic of a PEM electrolysis cell [15]
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It should be noted that protons are conducted in PEM mainly as H3O+, that is, they are 
carried on the back of water molecules – the vehicle mechanism. The major advantages of 
PEM electrolysis over liquid alkaline electrolysis include: [9] (a) higher purity of produced 
H2, (b) higher H2 production rate, (c) operation at higher pressures in order to make 
compressed H2 directly, and (d) easier to operate at higher temperature - steam electrolysis. 
Operating PEM electrolyser at higher pressures of 30-45 bar requires less power input than 
electrolysis at lower pressure followed by H2 compression [11].
The obvious superiority of PEM electrolysers notwithstanding, their wide scale adoption as a 
viable means of H2 production is still limited by their high costs, mainly due to expensive 
parts such as the membrane, flow field plates and current collectors/distributors [16], and the 
noble metal catalyst needed for stable operation at the highly acidic cell conditions [10]. As 
the costs of PEM electrolyser units are reduced, their use is expected to become more 
widespread. This cost reduction is expected to benefit from intense research in the PEM fuel 
cell, which is basically the same as a PEM electrolyser but with operation in reverse mode.
Another possibility in membrane-based water electrolysis is to combine the merits of liquid 
alkaline and PEM electrolysers by replacing the acidic PEM with a more tolerable basic 
(OH- conducting) membrane. This will allow the use of cheaper and abundant electrode 
catalysts like in the classical liquid alkaline electrolysis. Recent works [10, 17] indicate that 
this direction is promising, but is limited by availability of hydroxyl conducting membranes 
with comparable stability and conductivity as their proton conducting counterparts.
2.3 High temperature electrolyser  
The need to exploit the favourable thermodynamics and electrode kinetics of high 
temperature electrolysis is the driving force for the development of electrolysers operating at 
temperatures much higher than PEM electrolysis can withstand. The most studied type of 
high temperature electrolysers are those employing oxygen ion conducting solid-oxide as 
electrolyte. They are typically operated in the 700 to 1000 °C range, with the state of the art 
nickel/yttria stabilised zirconia cermet cathode (Ni/YSZ), stabilised zirconia electrolyte and 
conducting perovskites anode [12, 18-20]. The expensive noble metal catalysts used in PEM 
electrolysers are not needed for their operation. Operating a high temperature electrolyser at 
as high as 1000 °C (better for electrolyte conductivity) is common but lowering the 
temperature to between 500 - 750 °C can offer better flexibility in some aspect of materials 
selection. The only challenge in this case is getting the electrode kinetics to be as good as 
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when operating at higher temperatures [18]. The half cell reactions taking place in this type 
of electrolyser are:
Anode:   2eOO 2212                                    (2.8)
Cathode:    222 OH2OH e (2.9)
A different type of high temperature electrolyser uses proton conducting solid oxide, for 
example doped BaZrO3, with operating temperatures of 700 °C [21] and 800 °C [22]. It can 
be regarded as the high temperature variant of PEM electrolysis, since it has the same half 
cell reactions as PEM electrolysis. This implies that the produced hydrogen is dry (see 
equation 2.7), in contrast to oxygen ion conducting high temperature electrolysis in which 
water is mixed with hydrogen at the cathode (equation 2.9). Besides, the fact that proton
conducting oxides can be operated at 700 °C and below, even down to 400 °C [23, 24],
makes material selection easier. Their proton conductivity is based on protons from water or 
hydrogen dissolving in them, and moving by hopping from one oxygen atom to another – the 
so called Grotthuss mechanism. This means that electrolysers based on them can produce 
drier hydrogen than PEM electrolysers in which the vehicle mechanism dominates.  
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3  Photoelectrochemical water splitting    
Converting electrical energy to chemical energy by water electrolysis and re-converting back 
to electrical energy when the need arises can be a rather wasteful route, except in the case of 
cheap and abundant electrical energy. Storing electrical energy in batteries and capacitors 
can be described as a medium scale solution at best, and may be insufficient for a future 
energy consumption scheme without fossil fuels. If the source of the electrical energy for 
water electrolysis is the Sun (through photovoltaic and solar thermal systems), another 
potential way exists for circumventing electricity production and  directly converting solar 
energy to hydrogen, and that is by photoelectrochemical (PEC) water splitting. 
In PEC water electrolysis, one or both of the electrocatalysts of an electrolysis cell are 
replaced by semiconductor materials [25, 26]; the electrodes are then appropriately referred 
to as photoanodes and photocathodes. Thus, a PEC hydrogen generating cell could be a 
combination of a photoanode and a photocathode, a photocathode and an electrocatalyst 
anode, or a photoanode and an electrocatalyst cathode. The latter is the more widely 
researched of the three and is the focus of this thesis. PEC hydrogen production at a cost 
competitive with the price of petroleum based fuels is considered the holy grail of 
electrochemistry, and in recent times has become the subject of intense research aimed at 
overcoming its present low energy conversion efficiency.   
In a typical PEC cell for water splitting shown in Figure 3.1, shining light of appropriate 
wavelength on the n-type photoanode leads to generation of electrons and holes. If the 
charge carriers can be separated2, with the electrons getting to a current collector (substrate 
of the n-type semiconductor film), and the holes migrating to the semiconductor-electrolyte 
interface, the latter will react with water to produce oxygen and protons:
22
1
2 O2H2hOH    (3.1)
while the electrons flowing through an external circuit meet and reduce the protons to 
hydrogen gas at the cathode: 
2H2e2H    (3.2)
2 Generation and separation of electron hole pairs are given a more in depth treatment in section 3.3.
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H2O + 2h+ = 2H+ + ½O2
e-
Cathode (e.g. Pt)
2H+ + 2e- = H2
Aqueous electrolyte
Figure 3.1: Schematic of a photoelectrochemical water splitting cell. The electron-hole pairs 
generated at the photoanode by light (hv) absorption carry out the half reactions.
PEC hydrogen production has a number of limitations that have to be addressed in order to 
bring the process to a point where commercial application can be considered. The most 
important of these limitations are discussed below.
3.1 Light absorption 
In order to split water photoelectrochemically, a semiconductor with a  bandgap higher than 
1.23 eV, typically around 1.9 eV, is needed to accommodate the thermodynamic 
requirements and overpotential losses [26]. This in turn places the entire spectral region of 
solar radiation with the wavelengths longer than ~650 nm out of use. Figure 3.2 shows the 
solar irradiance reaching the earth (AM1.5) as a function of wavelength, also indicating the 
part of the spectrum that can be absorbed by an ideal semiconductor with a band gap of 
about 2 eV. Among the variety of semiconductor materials, only a few appear suitable for 
direct conversion of solar energy needed to sustain photoelectrochemical splitting of water as 
shown in Figure 3.3. This is further complicated by the problem of materials stability as will 
be discussed next. PEC cells comprising tandem (series) arrangement of three photoanodes 
absorbing at different parts of the solar spectrum have been devised as a way of  maximising 
light absorption and utilising light with wavelength longer than 650 nm [27, 28].
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Figure 3.2: Solar irradiance as a function of wavelength for AM 1.5 conditions. The grey area 
indicates the part of the spectrum that can be absorbed by an ideal semiconductor with a band 
gap of about 2 eV [26].
Figure 3.3: Conduction (red) and valence (green) bands edges, and band gaps of selected 
semiconductors in aqueous electrolyte of pH 1. On the right-hand side, the standard potentials 
for water oxidation and reduction are indicated [29].
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3.2 Materials stability and solar-to-fuel conversion efficiency  
A PEC photoanode needs to be resistant to corrosion in the aqueous - often acidic or basic -
solutions in which they are operated. When this is juxtaposed against the need for significant 
visible light absorption, a problem with selecting the right material arises. The reason is that, 
in general, semiconductors with strong absorption in the visible range (mainly non oxide 
semiconductors) are vulnerable to corrosion while the ones that are stable (mainly oxide 
semiconductors) have wide band gaps [26, 29]. Thus the latter - for example TiO2 and ZnO -
absorb mainly in the ultraviolet (UV) region and are therefore able to convert less than 4 % 
of solar irradiance to hydrogen [30]. With a band gap of 2 to 2.2 eV [31, 32] Į-Fe2O3
(hematite) can utilise about 40 % of incident solar irradiance[33], but the material is troubled 
by a very short hole diffusion length [32] and low electron mobility [30], leading to high 
recombination rate of photogenerated charge carriers. Nanostructuring is being used to 
DGGUHVVWKHVHOLPLWDWLRQVIRUĮ-Fe2O3 [34] and also for generally enhancing light absorption 
and efficient use of photogenerated charge carriers in semiconductors [29].
In addition to low cost and stability, a photoanode needs to convert a reasonable amount of 
incident solar flux to hydrogen in order to move PEC hydrogen production towards the path 
of commercialisation. The commercial target set by the United States Department of Energy 
(DOE) is a solar-to-hydrogen conversion efficiency greater than 10 %, which translates to a 
photocurrent density of 8.1 mA/cm2 with a solar irradiance of 100 mW/cm2 (AM 1.5) [28].
The conversion efficiency, Ș, is normally determined from the relationship [27, 28].
100(%)Ș )(
irrL
J x 1.23 u (3.3) 
where J is the photocurrent density and Lirr is the light intensity per unit area. This formula 
assumes that the entire photocurrent is due to hydrogen production and that there are no side 
reactions. In the case of some of the photocurrent coming from reactions that do not lead to 
hydrogen production, the actual percentage of the photocurrent corresponding to hydrogen 
evolution should be used. In addition, if an external bias voltage (Vext) is used to help the 
PEC process, 1.23 in the equation should be replaced by 1.23-Vext [26]. It has been 
suggested that if photovoltaic is the source of the external bias, then the subtraction of the 
applied voltage from 1.23 is not appropriate (applied bias is assumed to be zero) [35].
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The need for application of an external bias during PEC hydrogen production can be due to 
the fact that a photoanode needs to have its conduction and valence band energy levels 
overlapping the reduction and oxidation potentials of water [26], and/or the need to simply 
increase the rate of H2 production. From Figure 3.3, the band energy levels requirement is 
met by non-oxide semiconductors like SiC, CdS and CdSe and the oxide semiconductors. As 
stated earlier, the non-oxide semiconductors can suffer from instability during PEC 
operation. The valence band edges of the oxide semiconductors all meet the energy level 
requirement but only ZnO and TiO2 have their conduction band edges at energies more 
positive (with respect to the vacuum level) than the reversible H2O/H2 (or 2H+/H2) potential. 
This implies that some positive bias voltage is needed when using Fe2O3 or WO3 as a 
photoanode for example. 
Equation 3.3 describes the efficiency of a photoanode over the entire wavelength range of an 
incident light. Sometimes it may be useful to find out how each individual wavelength is 
contributing to the PEC process. In that case, incident photon-to-current efficiency (IPCE) 
parameter is used. It is expressed as a percentage of the irradiance at a given wavelength 
which is converted to photocurrent [30] and is thus a useful way of knowing how much of 
the absorbed light at each wavelength actually leads to hydrogen generation.
3.3 Semiconductor/electrolyte interface 
The Fermi level (EF) of an n-type semiconductor is usually higher than the redox potential of 
an aqueous electrolyte. Therefore, when an n-type semiconductor comes in contact with an 
electrolyte, electrons are transferred to the electrolyte until the two energy levels are 
equilibrated. This effectively leads to accumulation of positive charges in the depletion 
region - the region close to the semiconductor surface from where electrons move away, also 
called a space charge region (SCR). This is in contrast to the bulk of the semiconductor 
which is still charge neutral. The presence of positive charges in the SCR is balanced by 
accumulation of negatively charged ions from the electrolyte at the Helmholtz layer of the 
electrolyte. Upward bending of the conduction and valence band edges (EC and EV
respectively) of the semiconductor occurs as a result of this interfacial electron transfer. The 
reverse would be the case for a p-type semiconductor with a Fermi level typically located 
below the redox potential of the electrolyte - electrons move into the semiconductor from the 
electrolyte and the band edges of the semiconductor are bent downwards. There is no charge 
transfer and hence no band bending at a potential called the flat band potential Vfb, which is 
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the potential at which the Fermi level of the semiconductor is equal to the redox potential of 
the electrolyte [4, 29, 36, 37]. With applied potential less than Vfb, the n-type semiconductor 
begins to act like a p-type semiconductor. These phenomena are illustrated in Figure 3.4a-d.
Figure 3.4: Energy diagrams for a n-type semiconductor in contact with an electrolyte [37] (a)  
depiction of charge distribution across the semiconductor/electrolyte interface leading to the 
development of a depletion region in a n-type semiconductor. The situation in the cases of 
DSSOLHGSRWHQWLDO9ޓ9fb (b), V = Vfb FDQG9ޒ9fb (d). In the latter case, an accumulation 
layer forms in the space charge region and the n-type photoanode acts like a photocathode (p-
type semiconductor).
The SCR in the n-type semiconductor thus has an electric field at a potential above the Vfb,
and it is this field which is responsible for separating the electron hole pairs generated upon 
illumination of the photoanode. The holes are driven towards the semiconductor-electrolyte 
interface and the electrons move into the interior of the photoanode, onto the conducting 
substrate [37]. This is illustrated in Figure 3.5. Therefore, only electron-hole pairs generated 
within the electric field of the SCR can be separated and utilised in a PEC process. For this 
reason nanostructuring of semiconductor materials is very important for enhancing the 
performances of H2 generating PEC cells [34]. This is due to the fact that the electrolyte can 
(a) (b)
(c) (d)
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percolate and surround the nanostructure, such that majority of the area of the material where 
light absorption is taking place is within the electric field of a SCR. Besides, nanostructuring 
provides shorter travel distances to the semiconductor electrolyte interface for 
photogenerated holes. Enhanced light absorption as a result of light trapping is also achieved 
through nanostructuring [38, 39].
Figure 3.5: A photoanode (green) illuminated with light (hv) of energy greater or equal to its 
band gap, causing electrons to be excited (black, upward pointing arrows) from the valence 
band to the conduction band, and creating holes in the valence band. The electron-hole pairs 
created in the bulk region recombine (broken, downward pointing arrow), while the ones 
created in the SCR can be separated for redox reactions.
The SCR model is built on the presence of a neutral bulk region of the semiconductor. Once 
the characteristic dimensions of the semiconductor material - nanoparticle diameter, wall 
thickness of nanoplates or nanotubes for example - becomes too small to support both bulk 
and SCR regions, the SCR model can no longer apply. In that case, utilisation of 
photogenerated charge carriers will depend on how fast the charge carriers can be transferred 
to redox species on the semiconductor surface [29].
3.4 Charge transfer at the photoanode/electrolyte interface 
Irrespective of whether hole transfer at a photoanode surface is mediated by a SCR, surface 
kinetics or even both, the ability to effectively utilise photogenerated charge carriers for the 
sole purpose of O2 evolution from water oxidation (invariably accompanied by a 
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stoichiometric H2 evolution) is a challenge. This is because the kinetics of the OER3 at a 
photoanode is slow and therefore may have a competitor in some side reactions, such as 
formation of peroxo species on the photoanode surface, for example in TiO2 [40] and WO3 
[41]. These peroxo species, which can also be formed by TiO2 conduction band electrons, 
can further complicate things by acting as electron traps [40] or leading to 
photodecomposition of the photoanode over time [41]. In addition to the formation of peroxo 
species, trapping of photogenerated electrons by defect sites of a photoanode has also been 
reported to diminish PEC performance by enhancing recombination of electrons and holes 
[42]. Trapped electrons have been reported to be discharged in the dark to give anodic 
current (presumably for H2 evolution at the cathode) [43]. However, there is the possibility 
of such discharging electrons participating in reductions reactions at the anode [44].
Apart from nanostructuring, which decreases the distance photogenerated holes have to 
travel before getting to the surface of a photoanode, a number of strategies for enhancing the 
utilisation of photogenerated holes for oxygen evolution at a photoanode have been 
employed. At negative bias, TiO2 trap sites were filled with electrons, charge compensated 
by intercalation of cations from the electrolyte. When the electrochemically treated TiO2 was 
used for PEC test, it yielded a threefold increase in photocurrent in comparison with TiO2
without the prior electrochemical treatment [42]. A cobalt based OER catalyst [45] has been 
used to suppress electron hole recombination and enhance the performance of some 
photoanodes [41, 46-48], and has been shown to particularly suppress peroxo species 
formation and its consequent decomposition effect on a WO3 photoanode [41].
Yet another way of reducing the recombination rate of photogenerated electron-hole pairs is 
the use of organic additives in the aqueous electrolyte solution. Small organic molecules 
(SOM) like methanol, glycerol, and ethylene glycol can enhance PEC hydrogen production 
by reducing recombination of electron hole pairs. It is also thought that the energy levels of 
an aqueous electrolyte solution is modified by introduction of such molecules, while the 
extent of the reduction in the recombination rate of electrons and holes varies from one 
molecule to another [49], likely due to the nature of the interaction (adsorption) of a 
molecule with the photocatalyst [50]. Other SOM such as acetone and acetophenone have 
however been reported to decrease photocurrents [51]. Furthermore, it has been reported that 
the enhancement in photocurrent with addition of glycine is mainly limited to short 
3 OER in general is the more challenging and difficult of the two half reactions involved in water electrolysis, 
PEC water splitting being no exception.
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wavelength region (< 330 nm), and that the enhancement factor can be 0-, 2-, or 7-fold for 
single crystalline (rutile), polycrystalline (anatase) and porous nanocrystalline (anatase) TiO2
films, respectively [52].
The general consensus on the mechanism of SOM photocurrent enhancement is that of fast 
scavenging of photogenerated holes. However, the reaction kinetics is still being debated. 
With methanol for example, the PEC photocurrent enhancement could proceed via the 
following anodic reactions [53]:
   OCHHhOHCH 33                   (3.4)
A photogenerated hole is directly captured by methanol which gets oxidised to a proton and
a methoxy radical. The radical then reacts with water:
   5e5HCOOHOCH 223                        (3.5)
The HER at the cathode (bearing in mind there is one available electron from the electron 
hole pair) becomes:
3H6e6H 2                                                                 (3.6)
A different set of reaction pathways have been proposed elsewhere [54]. It was argued that 
the first interaction of photogenerated holes in an aqueous solution of methanol is with water 
because of the preferential adsorption of water over methanol on TiO2. Therefore the likely 
anodic reactions could be:
   OHHhOH2 (3.7)
   eHOCHOHOHOHCH 223 (3.8)
Formaldehyde (CH2O) can then go through a series of reactions comprising intermediates, 
water, holes and hydroxyl radicals to yield CO2 and protons, with the possibility of another 
electron being donated to the conduction band of the photoanode. By whichever route the 
enhancement of PEC splitting is accomplished, it should be noted that direct PEC water 
splitting still goes on.
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Direct methanol photo-oxidation (essentially similar to a direct methanol fuel cell[55])
involving no radicals or donation of electrons to the photoanode conduction band can also 
occur via:
   6HCO6hOHOHCH 223 (3.9)
With a PEM electrolyser utilising noble metals as electrode catalysts, an electrolysis onset 
voltage of 0.45 V has been reported for a 4 M aqueous solution of methanol in comparison 
to 1.4 V for pure water [56].
3.5 Investigating defects and charge carrier dynamics with 
photoluminescence   
Light emission occurs when species – e.g. electrons – in an excited state return to a stable 
energy level (e.g. ground state, GS), giving off some of the energy used in promoting them 
to the excited state (ES) as electromagnetic radiation. This phenomenon, generally called 
luminescence4, is commonly subdivided into several types according to specific origin of the 
excitation energy. Examples include excitation with electromagnetic radiation 
(photoluminescence), high energy electrons (cathodoluminescence), electrical voltage 
(electroluminescence), mechanical action (triboluminescence) and energy of a chemical 
reaction (chemiluminescence) [57]. We shall henceforth talk of photoluminescence (PL) as it 
is the method used in this thesis.
Usually, the emitted light is of lower energy (longer wavelength) than the excitation energy. 
This is because the ground and excited states (valence and conduction bands respectively for 
a semiconductor) consist of sub energy levels arising from lattice vibrations. Excitation will 
normally occur from the lowest vibrational energy level of the GS to the highest vibrational 
level of the ES. Thereafter, the excited species relax to an equilibrium energy level (lower 
vibrational levels) in the ES, giving off energy as heat to the lattice. Radiative transition, that 
is a transition accompanied by light emission, then proceeds from the equilibrium level in 
the ES to the highest vibrational level in the GS. These processes are illustrated in Figure 
3.6a, and further simplified for a semiconductor in Figure 3.6b.
4 Depending on how long the emission lasts, luminescence can also be divided into fluorescence (short lived, 
typically nanoseconds life time) and phosphorescence (long lived, milliseconds to several seconds life time). 
Fluorescence however is commonly used to erroneously refer to both processes.
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Figure 3.6: (a) Plot of Energy (E) vs. configurational coordinate (Q) for ground (parabola g) 
and excited (parabola e) states of an emitting centre. Q describes a symmetrical vibration of the 
lattice while the horizontal lines in the parabolas represent vibrational energy levels. The three 
lines (including the solid one) with arrows pointing up (AB) and down (EM) indicate possible 
pathways for excitation and emission, respectively [58]; (b) Illustration of absorption in a 
semiconductor and resultant band-to-band and shallow defect level (blue bar) mediated 
transitions which can be radiative (luminescent) or non radiative. The excited electrons can
first decay non-radiatively to the defect level before transition to EV.
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Other possible routes during excitation and emission are possible but they more often than 
not involve some form of relaxation (energy loss) among vibrational energy levels so that at 
the end, the excited species emit light at wavelength longer than the absorption wavelength. 
This phenomenon is referred to as Stokes shift [58]. An exception to Stokes shift, called anti-
Stokes shift, occurs in the so called up-converting phosphors where one shorter wavelength 
visible light emission is caused by absorption of at least two longer wavelength photons, 
aided by intra molecular energy transfer between two emitting centres [59].
In semiconductors, the GS and ES are referred to as valence and conduction band,
respectively. Upon absorption of the photon energy, electrons are promoted from the valence 
to the conduction band from where they can become useful in PEC or photovoltaic 
processes. They can also radiatively or non radiatively return to the GS through band-to-
band transition, or via defect states in the band gap as shown in Figure 3.6b. Intrinsic defects 
like oxygen vacancies [60] and hydrogen [61] are typical examples of omni present defects 
in oxide semiconductors. They can introduce donor states in the band gap of semiconductors. 
Oxygen vacancies have been reported to lead to high-lying (in the conduction band) and 
low-lying (in the valence band) resonant states in WO3 [62], as well as deep-lying band gap 
state in ZnO [63]. Due to overlap between their energy levels and the conduction band of the 
intrinsic material - specifically vibrational levels in the conduction band - these defect states 
can be luminescent centres, that is centres from which photogenerated electrons undergo 
radiative decay to a ground state [64, 65]. In addition, visible light emission has been 
attributed to the deep-lying oxygen vacancies in ZnO which act as recombination centres for 
electron hole pairs [63].
It is important to note that excitation to a higher energy level does not always lead to light 
emission. This is especially the case at high temperatures when the lattice vibrational levels 
of the excited and ground states are close enough, such that the excited species can return to 
the ground state via non-radiative transitions [58]. For this reason, photoluminescence 
studies are preferably conducted at low temperatures, usually cryogenic temperatures, in 
order to minimise the non-radiative transitions. This is particularly true for indirect band gap 
semiconductors which typically do not have strong luminescence.
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3.5.1 Time-resolved photoluminescence 
Time-resolved photoluminescence (TRPL) is a common technique used to investigate the 
recombination dynamics of photogenerated charge carriers. This technique can help 
distinguish the normally fast decay associated with band-to-band transition from the longer 
lived decays due to trapping by defect states [63]. In this technique, the material is excited 
with a pulsed light source, and the excitation is stopped. The duration of the pulse should be 
shorter than that of recombining charge carriers, so the recombination of charge carriers can 
be studied after the pulsed light source has been stopped [66]. The simplest case of single-
exponential decay of the photogenerated charge carriers with time can be expressed as:
)Ĳ( texp(0)ǻS(t)ǻS nn  (3.10)
wKHUH ¨Sn LV WKH LQFUHDVH LQ FKDUJH FDUULHUV ZLWK H[FLWDWLRQ DQG Ĳ is the lifetime of the 
charge carriers. Zero time is counted from the time the light source is cut off, or in the case 
of varying decay rates, the time corresponding to the beginning of each decay profile. At t = 
ĲHTXDWLRQ.10 becomes 
(0)p0.371)exp((0)ǻS)(ǻS nnn -Ĳ '  (3.11)
7KHUHIRUH Ĳ LVGHILQHGDV WKH WLPH LW WDNHV WKHFRQFHQWUDWLRQRI WKHSKRWRJHQHUDWHGFKDUJH
carriers to decrease to 37 % of their initial value [67].
3.6 Solid electrolyte for photoelectrochemical hydrogen generation 
The main focus of the numerous studies on PEC water splitting has been on the use of 
aqueous electrolytes, often without separating the two electrode compartments. This implies 
that when and if the time for commercialisation comes, the process will encounter the same 
limitations enumerated for alkaline water electrolysis (section 2.1). Even when PEM proton 
conductors have been used as a separator for the photoanode and cathode compartments -
similar to a PEM electrolyser design - aqueous electrolytes [53, 54, 68] or liquid water [68,
69] were still supplied to the photoanodes. An all solid state PEC hydrogen generating 
device utilising the vapour of 10 wt % aqueous solution of ethanol at the photoanode has 
been demonstrated, but with no demonstration of the effect of temperature on performance 
[70]. In addition, a similar design for PEC decomposition of organics in air has been 
implemented [71-73]. In general however, there is very little work on the use of a solid 
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electrolyte for PEC hydrogen generation with gaseous reactants supplied to the oxygen 
evolving photoelectrode.   
3.7 Effect of temperature on photoelectrochemical hydrogen 
generation 
Since most of the effort in PEC hydrogen generation has been concentrated on the use of 
aqueous electrolyte, it naturally follows that studies on the effect of temperature on the PEC 
processes will be very few. Stuart Licht has used theoretical studies to show that sub 
bandgap light can be used to heat up a PEC cell, thereby lowering the thermodynamic 
energy requirement for PEC water splitting with a semiconductor [74, 75] while Katakis et 
al. reported that the efficiency of water splitting on a photocatalyst particles in aqueous 
solution increased 3-fold from 20 to 70 °C[76]. S. J. Bell[77], in his doctoral dissertation,
provided evidence of enhancement of photocurrent of a PEC water splitting cell at higher 
temperatures, reporting an increase in photocurrent of about 2.5 times with about 78 °C 
increase in temperature. However, the use of liquid electrolyte limited his studies to 100 °C 
and below. 
3.8 Aims and objectives of this thesis 
This thesis is geared towards accomplishing the following:
(a) Investigation, preparation and characterisation of suitable materials for use as solid 
proton conducting membranes and photoanodes. For a solid electrolyte, a PEM or high 
temperature proton conducting solid oxide are of interest in order to have a wider 
temperature area for investigation. 
(b) Integration of the above materials into an all-solid-state device - PEM or high 
temperature electrolyser type design - for photoelectrochemical water splitting experiments 
using only gaseous reactant at the photoanode. The gaseous reactant could be water vapour 
or a mixture of water and methanol vapours. 
(c) Enhancing light-to-current conversion efficiency by improving electrode kinetics and 
solid electrolyte conductivity through the application of heat. In this regard it is also of 
interest to maximise the electrode/electrolyte/reactant triple phase boundary, especially at the 
photoanode. 
(d) Surface modification of the photoanode nanoparticles in order to enhance the lifetime of 
photogenerated charge carriers and invariably, photocurrent.
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(e) Use of electrochemical measurements and H2 sensing to evaluate the workability and 
limitations to an all-solid-state PEC H2 generating device.
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4 Experimental set-up and methods    
The experimental techniques used in this thesis include hydrothermal synthesis, X-ray 
diffraction, scanning electron microscopy, transmission electron microscopy, voltammetry, 
chronoamperometry, electrochemical impedance spectroscopy and optical techniques -
Fourier transform infrared spectroscopy, Raman spectroscopy, diffuse reflectance 
spectroscopy and photoluminescence (including time resolved photoluminescence). Diffuse 
reflectance spectroscopy is an essential tool for measuring the optical absorption profiles of 
non-transmitting samples, and together with scanning electron microscopy, was particularly 
useful in providing quick feedback information necessary for deciding to continue, modify 
or discard a particular material preparation route. We shall take a somewhat in-depth look at 
the PEC set-up and electrochemical impedance spectroscopy in order to enhance 
understanding of their use in subsequent chapters. 
4.1 Photoelectrochemical set up and characterisation 
A conceptual design for a typical PEC cell presented in Figure 4.1 shows a porous, 
nanostructured photoanode which allows water vapour to diffuse into it. With illumination, 
the electron-hole pairs are generated, the holes oxidising water to O2 and H+, and the 
electrons travelling through an external circuit to reduce the protons (which have passed 
through the solid proton conductor) to hydrogen at the cathode. The cathode is also a porous 
structure, allowing for easy diffusion of hydrogen gas. Dilute methanol vapour (H2O + 
methanol) can also be used on the anode side, which implies evolution of CO2, besides O2.
This is in principle similar in design and implementation to conventional PEM or high 
temperature proton conducting solid-oxide electrolysis. 
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Figure 4.1: Schematic of a solid-state photoelectrochemical cell showing gas diffusion in porous 
electrode layers separated by and attached to a solid proton conductor. With illumination (hv)
gas evolution takes place at the electrodes (courtesy of Prof. T. Norby).
31
(a)
(b)
Figure 4.2: (a) Schematic of a PEC cell consisting of a photoanode, proton conducting 
membrane and a HER cathode mounted on a ProboStat™ measurement cell. The PEC cell is 
securely supported on the inner support tube by a spring load (not shown), (b) A ProboStat™
measurement cell (courtesy of NorECs AS) mounted on a retort stand. The light guide is 
coupled to the cell at the top open end.
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For PEC measurements, the PEC cell was mounted on the inner support tube of a 
ProboStat™ sample holder cell (NorECs AS, Norway) as shown in Figure 4.2. Ar was 
bubbled through pure water or aqueous 1 molar CH3OH and supplied to the anode side 
(upper electrode, outer tube compartment) while dry Ar was supplied to the cathode side 
(lower electrode, inner tube compartment).  Both compartments have their separate gas 
outlets (gas tubes not shown). The photoanode was illuminated from the top of the assembly 
with an Omnicure S2000 UV-visible lamp spanning the wavelength region of 320-500 nm
(Figure 4.3). Details of the lamp irradiance on the photoanode are presented in the appendix. 
The electrodes are electrically connected to a PARSTAT 2273 potentiostat in a two-
electrode set up, making it possible to run linear voltammetry (current-voltage sweep in one 
direction), chronoamperometry (current-time at a fixed applied voltage) and impedance 
spectroscopy measurements. The reliability of using the potentiostat in a two-electrode set-
up was confirmed by running a current-voltage experiment for a 4 M resistor; the resulting 
resistance from both manual and linear fitting calculation of the experimental data was also 4 
MVHHWKHDSSHQGL[
Figure 4.3: Spectral plot of Omnicure S2000 lamp (in green) used in the experiment. An
installed filter cut off light outside the 320-500 nm wavelength range. The lamp can be tuned 
from 100 to 0 % output intensity (courtesy of Lumen Dynamics)
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4.1.1  Electrochemical impedance spectroscopy 
This discussion on electrochemical impedance spectroscopy (EIS) is based on the book, 
“Electrochemical Impedance Spectroscopy” by M. E. Orazem and B. Tribollet [78], and the 
journal article “Electrochemical Impedance Spectroscopy for better Electrochemical 
Measurements” by S-U Park and J-S Yoo [79]. EIS is a vital tool because of its ability to 
distinguish between electrolyte and electrode processes. If more than one physical process is 
involved at the electrolyte or electrodes (as is usually the case), it can also identify them 
separately. This is due to the different physical processes – e.g. mass diffusion of 
electroactive species, charge transfer at electrode/electrolyte interface, electrolyte resistance, 
and electrolyte grain boundary resistance, etc - possessing different time constants. During 
EIS, a small AC current (galvanostatic mode) or voltage (potentiostatic mode) is imposed on
an electrochemical system with or without a DC bias, and the electrochemical impedance of 
the system is recorded over a frequency range. The result can be graphically represented in a 
Nyquist plot (imaginary, out of phase impedance vs. real, in phase impedance) or Bode plot 
(absolute impedance or phase angle vs. frequency). Only the Nyquist plot will be used in this 
thesis.
The behaviour of an electrochemical system can be likened to that of an electrical circuit 
(called equivalent circuit) comprising resistors, capacitors and inductors, thereby providing a 
model for fitting and analysing EIS results. The capacitor represents the imaginary part of 
this impedance to current flow in an electrochemical cell. A simple and common equivalent 
circuit used for modelling EIS signals of an electrochemical cell is presented in Figure 4.4. It 
consists of the resistance of the electrolyte (RS) in series with a parallel combination of the 
electrode resistance (RP) and capacitance (CP). 
Figure 4.4: An equivalent circuit consisting of the resistance of an electrolyte (RS) in series with 
a parallel combination of electrode resistance (RP) and capacitance (CP). 
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For the model circuit In Figure 4.5, the time constant for the electrode electrochemical 
process is given as
ppp CRĲ                   ( 4.1)
Equation 4.3 assumes a fixed time constant for the electrode reaction, which is often not the 
case. Variation in the time constant for an electrode process can arise due to differences in 
reactivity, current and potential distribution across the electrode. A constant phase element 
(CPE), which is based on a simplified assumption of a specific distribution of time constants 
for any given system, is used to model this non-homogeneity of time constant and therefore 
substitutes the capacitance in the equivalent circuit.  The impedance of a CPE is given by
njY
1
)(CPE 0
Z Z (4.2)
j and Ȧ stand for imaginary number and angular frequency, respectively. The pseudo-
capacitance can be calculated from [80]
n)/n-(1
p
1/n
p RYC 0 (4.3)
where Y0 and n are parameters of the CPE which can be obtained by fitting experimental 
data to a circuit model.
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Abstract
The photocurrent of hydrogen generating solid-state photoelectrochemical cell utilising a
polybenzimidazole proton-conducting membrane and gaseous anode reactants has been 
enhanced by operation at higher temperatures. With a bias of 0 V for example, photocurrent 
increased from 15 to 3ȝ$FP2 on moving from 25 °C to 45 °C. The increase in photocurrent,
which was limited by the dehydration of the cell, was shown to have contribution from 
improved electrode kinetics. Modification of TiO2 surface with triazole, a conjugated 
heterocyclic compound, led to significant increase in photocurrent - up to 4 fold increase at 0 V 
and 25 °C. This was attributed to improved separation of photogenerated charge carriers, as 
confirmed by correspondingly increased carrier lifetimes from 50 ns to 90 ns for triazole-
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modified TiO2. Assembly of the photoelectrochemical cell by hot-SUHVVLQJ LQGXFHG Dࡱ  H9
red shift in optical absorption edge of TiO2, in agreement with a shift of its valence band 
maximum to higher binding energy.
Keywords: Solid-state; photoelectrochemical; XPS; carrier lifetime; triazole.
1. Introduction 
Efficient direct conversion of solar to chemical energy will help make solar energy an 
alternative to fossil fuels. Among the many possibilities are the conversion of CO2 to gaseous
and liquid fuel [1-5], and hydrogen production from aqueous solutions [6-10]. The latter is 
sometimes accomplished with organic additives like methanol in order to reduce charge carrier 
recombination and boost solar-to-chemical conversion efficiency [10]. In these mentioned 
processes, there are basically two approaches: photocatalytic conversion and use of 
photoelectrochemical (PEC) cells. Both approaches rely on absorption of photon energy by a 
semiconductor photocatalyst to generate electrons and holes. In photocatalytic conversion, the 
chemical processes leading to product formation take place on the surface of photocatalyst 
nanoparticles. Since both the photogenerated holes and electrons are active in the same region,
complications can arise when only one particular reaction is desirable, for example reduction to 
yield H2 or hydrocarbons. Undesirable side reactions sometimes limit the efficiency of the 
preferred reactions [4, 5] and/or lead to production of mixtures of oxidising and reducing gases
[7-9] (e.g. O2 and H2). The second approach is based on the use of PEC cells and allows 
reduction and oxidation reactions to take place at two different and spatially separated 
electrodes. Here, it is possible to not only separate the products at the electrodes but also to 
modify the conditions at one electrode in order to enhance the half reaction there without
negatively affecting the half reaction at the other electrode [11].
The majority of PEC hydrogen generation studies involve the use of aqueous electrolyte as both 
the electrolyte and the photoanode reactants, and among them are very few attempts to separate 
the two half reactions compartments with a proton conducting membrane [11-13] as is the case 
in polymer electrolyte membrane (PEM) electrolysis. Recently, we have been investigating the 
use of gaseous reactants at the photoanode of a PEC hydrogen generating cell, similar in design 
to a PEM water electrolysis cell [14]. This approach is expected to benefit from the advantages 
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of using a solid polymer over aqueous electrolytes, namely, operation at higher temperatures in 
order to improve electrode kinetics and reduce the thermodynamic energy requirement for 
electrolysis [15], pressurising the system to produce compressed H2 directly [16] and absence of
gas bubbles which can increase electrolyte resistance and impede reactions at the electrode 
surfaces [17]. The use of a gaseous mixture of ethanol and water for PEC hydrogen generation 
with a PEM electrolyser type cell has been reported [18], while a similar cell design has been 
utilised for PEC degradation of organics in air [19, 20]. However, there is little or insufficient 
information on the effects of surface characteristics and temperature on the electrode and 
electrolyte processes of such a system.  
In this work, we study the effect of temperature on the performance of a solid-state PEC 
hydrogen generating cell comprising a TiO2 photoanode, Pt-C cathode, and a H3PO4-doped 
polybenzimidazole (PBI) proton conducting membrane. The effects of hot-pressing on the 
optical properties of TiO2, and triazole-TiO2 conjugation on the photocurrent of the assembled 
cell, are also analysed.
2. Experimental
Nafion® perfluorinated resin solution (20 wt %) and 1H-1,2,3-triazole (97 %, hereafter referred 
to as triazole) were REWDLQHGIURP6LJPD$OGULFK&DUERQSDSHU ȝPWKLFN) and platinum 
coated carbon, Pt-C (Pt/Vulcan XC-72R, 10 wt % Pt) were obtained from Quintech, Germany.
3%,PHPEUDQHȝPLQGU\FRQGLWLRQZDVVRXUFHGIURP'DQLVK3RZHU6\VWHPV,WZDVDFLG-
doped by immersing the dry membrane in 85% H3PO4 for at least 5 days to ensure high doping 
level. All dilutions were made with isopropanol.
The procedures for preparation of TiO2 photoanode (Degussa P25) and Pt-C cathode layers on 
carbon paper support, and PEC experiments are the same as in our earlier publication on an 
all-solid-state PEC hydrogen generating cell [14], except for a few modifications. The 
photoanode layer was either TiO2 with 20 wt % Nafion® (n-TiO2/C) or 20 wt % of Nafion® +
triazole (nt-TiO2/C). The Nafion® + triazole solution was obtained by stirring their mixture 
(weight ratio of 7:3 in favour of Nafion®) for 1 h. The Pt-C electrocatalyst was saturated with 
H3PO4 by dripping 2ȝORI.6 wt % H3PO4 aqueous solution. H3PO4 is needed to maintain 
good proton conductivity at higher temperatures when the proton conductivity of Nafion® drops 
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off due to dehydration [21-23]. That was also one of the reasons for adding triazole to the anode 
side [21]. H3PO4 was intentionally not used in the anode side to avoid introduction of 
particulates which may interfere with light absorption and electronic conductivity. The 
photocatalyst and Pt-C loadings were each approximately 1.5 mg/cm2.
The catalyst layers were placed on opposite side of the PBI membrane and hot-pressed at 160 
°C for 4 minutes under a pressure of 35 kg/cm2 to get the PEC cell [11]. Non-hot-pressed 
TiO2/organic samples, nt-TiO2/G (nt-TiO2 dropcast on glass), and n-TiO2/G (n-TiO2 dropcast 
on glass), were also prepared for optical studies. We have recently studied the performances of 
PEC cells assembled with and without hot-pressing, and found that the non-hot-pressed cell – in 
which membrane electrode assembly was implemented by using Nafion as adhesive – gave a
superior performance, despite possessing a larger cell resistance. The superior performance was 
attributed to better hydration of the non-hot-pressed cell [14]. However, the latter is not used in 
this work because dehydration at higher temperatures affects it strongly and masks any positive 
effect of increasing temperature on its photocurrent.
Diffuse reflectance spectroscopy (DRS) was carried out with a Thermo Scientific EVO-600 UV-
VIS spectrophotometer. The band gap energies were thereafter determined using standard 
Kubelka-Munk and Tauc treatment of the DRS spectra. Photoluminescence (PL) measurements 
were performed using a 325 nm line of cw He-Cd laser (10 mW) for excitation and fiber-optic 
spectrometer (Ocean Optics, USB4000) for analysis. Temperature-dependent PL was performed 
using a closed-cycle He-cryostat operating in the range 10-300 K. Time-resolved 
photoluminescence (TRPL) was carried out at 10 K by employing a 372 nm wavelength 50 ps-
pulsed laser (PicoQuant, 2mW@40MHz). The spectral region of interest was filtered out from 
the total PL signal using an imaging spectrograph (HORIBA Jobin Yvon, iHR320), and then the 
corresponding PL decay transient was analysed by time-correlated single photon counting 
system (PicoQuant, TimeHarp200) with overall time resolution of ~50 ps.
X-ray photoelectron spectroscopy (XPS) was performed on a KRATOS AXIS ULTRADLD using 
monochromatic Al KD UDGLDWLRQKȞ H97KHVSHFWUDZHUHDFTXLUHGDW]HURDQJOHRI
emission, T = 0o (normal emission) with the lenses in hybrid mode (i.e. both the magnetic and 
electrostatic lenses were used). The samples were not conducting, and charge neutralisation was 
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applied to compensate for the charging effects.  This was achieved with the use of low energy 
electrons driven by a magnetic field towards the sample surface. In practice, overcompensation 
takes place and this manifests in a shift of all peaks to lower binding energies. The spectra were 
energy corrected by initially placing the Ti 2p position at 458.8 eV [24] and then by correcting 
the C 1s spectra of hot-pressed samples so that their C-F peaks coincide with those of the non-
hot-pressed ones.
The Pt/C electrode functioned as both the counter and reference electrode in a standard two-
electrode configuration. Any effects from the cathode (hydrogen electrode) have been neglected, 
thus assuming that the impact from cathode kinetics and double layer capacitance are very small 
compared to the photoanode. The potential was controlled by a PARSTAT 2273 potentiostat. 
Linear sweep voltammetry was performed from 0 to 1 V cell voltage during light and dark 
conditions. Current transients during periodic conditioning (light on, light off) were recorded as 
well as electrochemical impedance spectroscopy (EIS). EIS was monitored from 500 kHz to 50 
mHz with a 10 mVRMS a.c. perturbation at a selection of d.c. biases. The impedance data were 
fitted to various equivalent circuits using ZSimpWin 3.22 with modulus weighting. The PEC 
cell was mounted on a ProboStat™ sample holder cell (NorECs AS, Norway) as shown in Fig.1. 
The UV-visible (320-500 nm) irradiance at the surface of the cell was 85 mW/cm2 and the 
sample holder was heated with a heating tape, maintained at a given temperature for 30 minutes 
before commencement of measurement.
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Fig. 1: (a) Schematic of a PEC cell on a ProboStat™ sample holder, (b) an enlarged view of the cell 
indicating some of the reactions going on at the electrodes. The methoxy radical produced at the 
photoanode can undergo further reaction to produce more H+, electrons and CO2 [12].
3. Results and discussion 
3.1 Optical characterisation: Band gap, photoluminescence and charge carrier lifetime
The optical characterisation included diffuse reflectance spectroscopy (DRS) and 
photoluminescence (PL) measurements of hot-pressed samples (nt-TiO2/C and n-TiO2/C), non-
hot-pressed samples (nt-TiO2/G and n-TiO2/G), as well as of pure P25 TiO2 powder and a 
stand-alone Nafion® + triazole film (NT). The DRS results are presented in the form of Tauc
plots in Fig. 2a, indicating an apparent (~0.3 eV) red-shift of the absorption edge for the hot-
pressed samples with respect to the non-hot-pressed ones and pure TiO2. The absorption 
thresholds of the non-hot-pressed samples and of the pure TiO2 (not shown) are found to be 
matching at around 3.4 eV. In turn, this band gap values implies the mainly anatase structure of 
P25 TiO2 [25, 26], also indicating that no band gap modification occurs upon embedding TiO2
into the organic matrix. Regarding the latter, the absorption threshold for a stand-alone NT film 
is found far into the UV region, at around 5.4 eV, suggesting total transparency of the organic 
compound matrix throughout the spectral range relevant to PEC operation. Although hot-
pressing has been used to prepare PEM-electrolyser type PEC cells utilising TiO2 as photoanode 
[11, 18, 27], we are not aware of any report on the modification of the optical absorption of 
PBI 
Pt-C
UV-visible   
TiO2
Dry Ar 
(cathode side)
Wet Ar
(anode side)
e-
PBI membrane
TiO2 photocatalyst 
H2O + 2h+ = 1/2O2 + 2H+
CH3OH + h+ = CH3O• + H+
Pt-C electrocatalyst
2H+ + 2e- =  H2
(a) (b) e-
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TiO2 by the hot-pressing process. Further studies, for example incident-photon-to-current 
efficiency [28, 29], are needed to determine if the gain in absorption with hot-pressing translates 
to improved PEC efficiency. 
Fig. 2: Diffuse reflectance spectra (a) steady-state photoluminescence spectra at 300 K (b) and 
time-resolved PL decay transients measured at 10 K (c). 
(b)
nt-TiO2/C
n-TiO2/C
nt-TiO2/G
n-TiO2/G
NT
n-TiO2/G
nt-TiO2/G
(c)
nt-TiO2/C
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nt-TiO2/G
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The optical emission properties of the samples were examined to get an insight into the charge 
carrier transport and recombination processes. Fig. 2b summarises time-integrated 
photoluminescence (PL) spectra obtained at room temperature, in all the cases dominated by a 
characteristic red luminescence of anatase TiO2, which is commonly attributed to the radiative 
recombination of self-trapped excitons [30]. The generally low PL efficiency observed for all 
samples is consistent with the indirect-type of TiO2 bandgap, also inferring that photo-generated 
carriers for the most part recombine non-radiatively via surface defect traps and mid-bandgap 
states. The variable density of such defects in the samples is mirrored by corresponding changes 
of the PL efficiency, which therefore can be considered as a measure of non-radiative losses. As 
can be seen in Fig. 2b, the two extremes of most luminous and most quenched PL are 
represented by n-TiO2/G and nt-TiO2/G samples, respectively. 
Time-resolved photoluminescence (TRPL) was employed to evaluate the charge carrier 
lifetimes in the above-mentioned nt-TiO2/G and n-TiO2/G. The carrier dynamics in TiO2 is 
usually non-exponential due to distribution of the recombination rates up to microsecond time 
scale. As a first approximation, the influence of the triazole on the carrier recombination rate 
can be deduced from the comparison of asymptotic lifetime parameters at a fixed delay time as 
shown in Fig. 2c, and implying by a factor of two higher recombination rate in n-TiO2/G as 
compared to nt-TiO2/G. The longer lifetimes observed for structures modified with triazole is 
most likely a result of reduced surface leakage, i.e. suppressed surface recombination at the 
interface of TiO2 particle and surrounding matrix. 
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Fig. 3: XPS survey scan (a), high resolution spectra of Ti 2p peaks (b), and valence band spectra (c) 
of samples. The inset in (a) is an image of a droplet of aqueous methylene blue solution on a 
dropcast film of Nafion®/TiO2. The extra peaks in (c) are attributed to states owing to the presence 
of organic matter while its inset is a magnification of the shift in binding energy seen for hot-
pressed samples. The spectra for nt-TiO2/C and nt-TiO2/G in (b) and (c) are representative of n-
TiO2/C and n-TiO2/G, respectively. 
3.2 XPS analysis 
The XPS survey scans of the samples are presented in Fig. 3a.  The post peak background slopes 
for O 1s and Ti 2p peaks of all samples with Nafion® (highlighted with dashed lines) indicate 
that the O 1s and Ti 2p photoelectrons are attenuated compared with pure TiO2 standard. This is 
indicative of the presence of an outermost layer around TiO2; the unmarked post peak 
background slopes of F 1s are higher than the corresponding ones for O 1s and Ti 2p. The same 
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conclusion is drawn from the Ti 2p spectra in Fig. 3b and also from that of O 1s (shown in Fig. 
S1 in the supporting information*). The reduction of spectral intensities from top to bottom is 
due to the increased attenuation of the photoelectrons. In acidic environment, the surface of 
TiO2 will become positively charged [31, 32], which will make the deprotonated sulphonic acid 
end group (negatively charged) in Nafion® interact with it [33]. The hydrophobic fluorinated 
end groups and backbone of Nafion® will then form an outer layer around TiO2 nanoparticles. 
This is in agreement with the attenuation of Ti 2p and O 1s post peak background slopes in the 
samples with Nafion®, and also with the observation that the drop cast TiO2/Nafion film surface 
appears superhydrophobic (inset of Fig. 3a). The stronger attenuation of photoelectrons in n-
TiO2/C and nt-TiO2/C (hot-pressed) compared with n-TiO2/G and nt-TiO2/G (non-hot-pressed)
may be related to the presence of phosphoric acid in the membrane electrode assembly.
As shown in Fig. 3b and 3c, the Ti 2p core level and the valence band edges of TiO2,
respectively, in the hot-pressed samples are shifted towards higher binding energies as 
compared with the non-hot-pressed samples and pure TiO2. The same result is seen in the O 1s
spectra also. These shifts are not seen for peaks not associated with TiO2 - peaks from organics 
in Fig. 3 c and F 1s peaks (not shown) for example. In the case of insulating samples requiring 
charge compensation, it is known that the binding energy level that an emitted photoelectron 
originates from depends on the sample work function according to equation 1 below [34]
sampleesampleF ĭEKEhȞBE  
where BE is the binding energy with respect to the Fermi level (EF)KȞ is the excitation energy, 
KE is the measured kinetic energy, Ee is the charge neutralising contribution to surface potential 
DQGĭsample is the work function of the sample. The shift of the peaks associated with TiO2 (Ti 
2p, O 1s and the valence band) to higher binding energies for n-TiO2/C and nt-TiO2/C imply 
that the work function of the TiO2 particles in them is less than that of TiO2 in nt-TiO2/G, n-
TiO2/G and of pure TiO2.
* The supporting information for manuscript IV is deposited in the appendix.
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The reduction in work function (shift of EF towards the vacuum level) may have contribution 
from the presence of organic molecules around TiO2. However, n-TiO2/G and nt-TiO2/G which 
have organics around them do not show any shifts in binding energy. The hot-pressed samples, 
the non-hot-pressed ones and pure TiO2 have similar X-ray diffraction patterns (Fig. S2 in the 
supporting information). Therefore, the reduction in work function of the hot-pressed samples
can be related to the shift of the absorption edge of TiO2 as seen in the optical studies. This may 
be due to introduction of surface defect levels near the conduction band, as a result of enhanced 
interfacial interaction of the hydrophilic part of Nafion® with TiO2 under the hot-pressing 
conditions.
Fig. 4: Photocurrents vs. temperature for PEC cells: (a) n-TiO2/C, and (b) nt-TiO2/C; current-time
plots for nt-TiO2/C at 25 °C (c) and 65 ° C (d). The results were obtained with Ar+H2O+CH3OH. 
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3.3 Photoelectrochemical characterisation 
Photocurrents for the PEC cell with n-TiO2/C and nt-TiO2/C anodes recorded while supplying 
Ar+H2O+CH3OH to the anode side (Ar = 97.50 %, H2O = 2.27 %, and CH3OH = 0.23 %,) are 
shown in Fig. 4a-b. Photocurrents increase for both cells from room temperature to 45 °C and 
then drop off, except for nt-TiO2/C at 1.0 V which appears to remain stable. In general, nt-
TiO2/C photocurrents are two to four times higher than those of n-TiO2/C. Figure 4c-d show the 
observed current densities for nt-TiO2/C at 25 °C (before ramping up to 65 °C) and 65 °C 
respectively, when periodically turning the light source on and off at an applied cell voltage of 1 
V. The response at 1.0 V after cooling down to 25 °C is also given in Figure 4c. The 
photocurrent densities before and after ramping up temperature are basically the same, with 
similar results obtained at 0 and 0.4 V and also for n-TiO2/C. This indicates that the PEC cell is 
stable and that the drop off in photocurrent of the cells at higher temperature is not due to an 
irreversible process.
Fig. 5: Linear sweep voltammograms for (a) n-TiO2/C, and (b) nt-TiO2/C, obtained with 
Ar+H2O+CH3OH going from 0 and up to 1 V at a sweep rate of 50 mV s-1.
Linear sweep voltammograms for the two cells at 25 °C, with Ar+H2O+CH3OH supplied to the 
anode side, are shown in Fig. 5a-b. They indicate an open circuit photogenerated voltage 
(OCPV) of about 0 V, which is positively shifted in comparison with the -0.4 V value earlier 
obtained by us in a recent work for a PEC hydrogen generating cell assembled by a wet 
chemistry method [14]. The OCPV depends on not just the amount of photogenerated electron 
hole pairs, but on how fast the photogenerated holes can be consumed by water at the 
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photoanode surface. The consumption of holes is significantly enhanced in the presence of 
methanol, leading to a negative shift in OCPV [10]. In the current cells under study, lower 
hydration means that the photogenerated holes are not quickly snapped up, leading to higher 
recombination rate of photogenerated electron hole pairs, a positive shift in OCPV, and of 
course lower photocurrents. The peaks seen in the voltammograms are difficult to explain 
because their positions and intensities varied with subsequent experiments; however, they were 
largely absent at higher temperatures.
The voltammograms also provide additional insight into the reason for the drop-off in
photocurrents at higher temperatures. As also shown in Fig. 5b for nt-TiO2/C, the shapes of the 
curves at 25 °C and at 55 °C are different. Unlike the result at 25 °C, both the dark and photo 
currents reach a limiting current density at about 0.7 V for 55 °C, and afterwards drop off (no 
exponential increase). Similar results are seen for n-TiO2/C. This phenomenon has been 
identified in a PEM electrolyser run with water vapour - using Ar as carrier gas - and was 
attributed to the water level in the feed gas stream being unable to sustain water electrolysis at
higher applied voltage[35]. Therefore the drop off in photocurrent (Fig.4a-b) at above 45 °C can 
be ascribed to dehydration of the cells, which also explains the degradation of photocurrent with 
time and cycle number as shown in Fig.4d, and the fact that the photocurrent levels at 25 °C 
before and after ramping up temperature are the same. Considering that the cathode and the 
membrane are supersaturated with phosphoric acid and that the temperature regime here is still 
relatively low, we conclude that this dehydration is mainly at the photoanode layers.
To further evaluate the effect of temperature on photocurrent, nt-TiO2/C was chosen for current-
time measurements between 25 °C and 45 °C. A plot of photocurrent vs temperature presented 
in Fig. 6 shows that photocurrent generation peaked at 35 °C for biases of 0 and 0.4 V, but at 45 
°C for 1 V, indicating that the increased cell overpotential at higher temperatures is offset by the 
external voltage. 
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Fig. 6: Photocurrent vs. temperature plot for nt-TiO2/C between 25 and 45 °C, with 
Ar+H2O+CH3OH in the anode side.
Since nt-TiO2/C and n-TiO2/C have similar XRD, photoluminescence, and XPS characteristics, 
the difference in their photocurrent levels cannot be attributed to differences in light absorption. 
The likely reason for higher photocurrent generation in nt-TiO2/C can be seen from the TRPL 
results (Fig. 2c) which show an almost two-fold increase in the lifetime of photogenerated
charge carriers in nt-TiO2 compared to n-TiO2. This is in agreement with the reports that 
triazole can enhance separation of photogenerated charge carriers and act as a bridge for transfer 
of photogenerated electrons from a photoactive centre to an electron acceptor [36, 37].
Triazole in triazole + Nafion® blend is said to reside in the nanostructure of the hydrophilic end 
group of the polymer electrolyte[21]. That will make it easily accessible to TiO2 surface when the 
latter is mixed with the blend. We investigated the interaction of TiO2 and triazole in an acidic 
environment by Fourier transform infrared spectroscopy (see the supporting information for 
experimental details). The FT-IR results are shown in Fig.7, indicating the presence of triazole 
molecules on TiO2 nanoparticles. 7KH&ņ1VWUHWFKLQJYLEration at 1118 cm-1 is slightly shifted 
to the right, which means that triazole is probably connected to TiO2 via the carbon or nitrogen 
centres, or both. The effectiveness of triazole as an electron bridge is dependent on which of its 
elements connects to a light absorber or electron acceptor, as well as on the use of other organic 
molecules as linkers (spacers) in the donor-triazole bond[36]. Optimisation of the TiO2-triazole
conjugation may present another opportunity for improving the photocurrent of solid state PEC 
cells.
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Fig. 7. FT-IR spectra of triazole, triazole + TiO2 and pure TiO2 powder.
3.3.1 Electrochemical impedance spectroscopy 
EIS experiments were conducted for dark and illuminated conditions at selected voltages with 
Ar+H2O+CH3OH supplied to the anode side. For an ideally polarisable semi-conductor, a series 
R-C equivalent circuit can be used to calculate the space-charge capacitance in the absence of 
deep-level (sub-band) energy states. When deep-level states are taken into consideration (hence 
the capacity associated with deep-level states are not negligible as compared with the space-
charge capacitance), one or more R-C series branches are put in parallel to the space-charge 
capacitance. As shown by Jansen et al, the number of resistor-capacitor pairs that may be 
detected depends on temperature [38]. It is important to note that since we are dealing with TiO2
nanoparticles of about 25 nm average diameter, it is possible that the normal semiconductor 
space-charge layer does not exist or has a very small width, and that separation of 
photogenerated charge carriers by charge transfer to redox species at the nanoparticles surfaces
is either the only available process, or a complimentary process [39, 40].
An equivalent circuit (Fig. 8) representing the semi conductor electrode was employed in this 
work to model the experimental data. The model includes a parallel combination of the space 
charge resistance (Rss) and space charge capacitance (Qss), as well as one resistance-capacitance
Page | 16
series branch (Rd-Cd) put in parallel to account for any deep level state activities within the 
semiconductor electrode.
Fig. 8: Circuit model used in fitting impedance data
Rs is included in series to the semi conductor electrode and represents the general ohmic
resistance in the circuit as a result of the rather poor ion conductivity in the PBI membrane and 
interfacial contact resistances. The inductor, L, has no physical meaning and was only added to 
compensate for stray inductances observed for the highest frequencies.
Fig. 9a-b show the dark Nyquist plots obtained with a DC bias of 1 V for n-TiO2/C and nt-
TiO2/C cells. One low frequency and one high frequency semi-circle can be seen in the Nyquist
spectra indicating at least two relaxation processes in the system. Clearly the circuit parameters 
and appearance of the impedance spectra depend on temperature, light condition and type of 
electrode composition. Unfortunately, some of the recorded impedance spectra proved to be 
difficult to fit without introducing a large error bar on one or more parameters, and any 
conclusive discussions involving the parameters Rss, Rd and Cd, are therefore avoided.
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Fig. 9: Dark Nyquist plots of nt-TiO2/C (a) and n-TiO2/C (b) and electrolyte resistance vs. 
temperature plots of nt-TiO2/C (c) and n-TiO2/C (d), all obtained with a DC bias of 1 V. The insets 
in (a) and (b) show the plots for dark (black) and illuminated (red) conditions at 25 °C and 0 V.
The anode side gas was Ar+H2O+CH3OH.
At 25 °C, the dark electrolyte resistances as obtained from the fitting results are 4.15 ± 0.06 and 
4.86 ± 0.1 FP2 for n-TiO2/C and nt-TiO2/C, respectively. The slightly higher value for the 
latter could be attributed to reduced proton conductivity in its photoanode region due to a lower 
Nafion® concentration. As shown in Fig. 9c-d, with increasing temperature, there is a general
drop and increase in the electrolyte resistances of nt-TiO2/C and n-TiO2/C, respectively (except 
for a slight drop in the dark at 45 °C for n-TiO2/C). Similar values and trends were obtained at 0 
and 0.4 V as well. We recall that the photoanode layer in n-TiO2/C contains only water 
saturated Nafion® electrolyte while that of nt-TiO2/C contains triazole in addition. With increase 
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in temperature, the drying of n-TiO2/C should result in reduced proton conductivity while the 
presence of triazole is expected to mitigate against this in nt-TiO2/C [21]. The comparative 
impact of these results on the photocurrent of the two cells are difficult to ascertain at the 
moment since, according to our earlier result, better hydration can have a bigger impact on 
photocurrent than cell resistance, the hot-pressed cells in focus here particularly suffering from a 
lower hydration level [14].
Furthermore, the electrolyte resistance of both cells at all temperatures and applied bias decrease 
with illumination, as exemplified in Fig.9c-d. This can be related to enhanced wetability of TiO2
with UV illumination (formation of surface hydroxyl groups) [41], or simply to an increase in 
the concentration of protons at the photoanode where photogenerated holes oxidise water and 
methanol to produce protons.
As can be seen from the low frequency part of the impedance spectra in Fig. 9a-b, there appears 
to be a decrease in the overall polarisation resistance of the cells (zero frequency limit) with 
increasing temperature at 1 V. The same results are seen with applied voltages of 0 and 0.4 V
(Fig. S3 in the supporting information). With 0 and 0.4 V biases however, after the initial 
decrease on moving from 25 to 45 °C, it appears like there is no further decrease on ramping up 
the temperature even more. Rather high values for Rss were obtained (104) for all spectra. In
fact, removing Rss from the circuit (i.e. excluding any leakage processes [38, 42]) generally 
improved the fitting, yielding a blocking behaviour in the low frequency region. The general 
reduction of this low frequency semi circle with increasing temperatures can be attributed to 
increased space charge/surface kinetics, while any stagnation or increase (at 0 and 0.4 V) may 
indicate drying of the photoanode countering the increased electrode kinetics. In addition, this 
polarisation resistance decrease at all temperatures with illumination, as exemplified in the 
insets of Fig. 9a-b. This is attributed to increased concentration of charge carriers at the 
photoanode with illumination.
3.3.2 Photocurrents with only gaseous water in the anode compartment
Ar+H2O+CH3OH was replaced with Ar+H2O (97.5 % Ar and 2.5 % H2O) and the PEC 
performance of nt-TiO2/C cell studied. Fig. 10a shows the current transients of the cell at 25 °C, 
indicating photocurrents which are reduced to around 20% of the values obtained with 
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(a) (b) (c)
Ar+H2O+CH3OH. This is around the values reported by Seger and Kamat with a similar 
Nafion® based PEC cell design fed with aqueous reactants [11]. Experiments at elevated 
temperatures was made possible by heating the humidification bubbler to 90 °C, supplying an 
anode gas composition of approximately 93 % Ar and 7 % H2O. The gas line from the bubbler 
to the measurement cell was maintained at 125 °C in order to avoid condensation. Current time 
measurements at a cell temperature of 125 °C (Fig. 10b) show an increase in photocurrents of 
about three times as compared to the results at 25 °C. 
Upon increasing the temperature to 145 °C, photocurrents increased further by up to 30 % of the 
values at 125 °C at 0.4 and 1 V (Fig. 10c), but further experiment was not possible due to a 
sudden drop in photocurrent and increase in noise level. Upon post-mortem inspection, the 
anode layer was almost completely detached from the membrane, while the cathode suffered a 
similar fate but to a lesser extent. This is attributed to deterioration of the membrane catalyst 
layers interfaces due to excessive hydration [22], and may suggest that the photocurrents 
obtained at these elevated temperatures could have been higher without this interfacial 
degradation. However, the photocurrents recorded at 125 °C and above clearly demonstrate that 
higher PEC efficiency can be achieved at higher temperature if the hydration level of the cell is 
properly regulated.
Fig. 10: Current transients for nt-TiO2/C with Ar+H2O on the anode side at 25 °C (a), 125° C (b) 
and 145° C (c). The anode feed gas water content is 2.5 % in (a) and 7 % in (b) and (c). Colour 
code: black (0 V), red (0.4 V) and green (1 V). The plots for 0.4 and 1 V in (b) and (c) have been 
smoothened.
4. Conclusion
Membrane electrode assembly of a solid-state photoelectrochemical cell by hot-pressing shifts 
the optical absorption of the TiO2 photoanode to longer wavelength. The photocurrent of the
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solid-state cell operating with gaseous reactants at the anode increases with increasing 
temperature. In the lower temperature regime, this is shown to be mainly due to improved 
electrode kinetics. Interaction of the TiO2 photoanode with triazole, an electroactive
heterocyclic compound, improved the lifetime of photogenerated charge carriers, and invariably, 
the performance of the photoelectrochemical cell. Electrolyte resistances of 
photoelectrochemical cells – with TiO2 or triazole-modified TiO2 – were reduced with 
illumination. This is attributed to a likely enhancement in hydrophilicity of the photoanode 
surface.
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6   Further results, discussion and outlook 
            Whoever climbs the Iroko should gather all he can – firewood, leaves, etc – because it     
            is not often that one climbs the tree. 
  
                                        (An Igbo/West African proverb)
6.1   Photoanode selection 
TiO2, Fe2O3, WO3, SrTiO3 and SnO2 are the most widely studied photoanode materials for 
PEC H2 generation. Apart from Fe2O3, and WO3 to a lesser extent, the rest are wide 
bandgap materials which do not have significant visible light absorption [1]. Due to its 
resistance to PEC corrosion and very good charge carrier transport properties, TiO2 has been 
frequently investigated as a photocatalyst and was used as the primary photoanode in this 
thesis. 
Fe2O3 was initially considered as a second photoanode bearing in mind its significant visible 
light absorption. However, Fe2O3 films prepared by pulsed laser deposition showed virtually 
no photoresponse in aqueous electrolyte based PEC tests*. This and the fact that membrane 
electrode assembly became increasingly focused on the use of highly acidic membrane led to 
discontinuation of its use, since it is only stable against corrosion in PEC operations at pH 
greater than 3 [2], with alkaline electrolyte often employed in its PEC studies.  On the other 
hand, PEC studies on WO3 can be carried out at electrolyte pH less than 1 [3-5], including a 
1 M solution of a superacid (HClO4) [5], with no report of instability on the part of WO3.
Besides, WO3 has a much better charge transport properties than Fe2O3, for example, the 
hole diffusion lengths of WO3 [5] and Fe2O3 [6] and are reported as 2-4 and 150  nm, 
respectively. It was therefore chosen as the second photocatalyst.
6.2   Nafion® + inorganic composite proton conducting membrane 
Composites of polymer electrolytes with hygroscopic inorganic fillers have been used as 
proton conductors in PEM electrolysis and fuel cells. Examples comprise Nafion® with 
WO3, TiO2, SiO2, and phosphotungstic acid [7, 8], with typical inorganic loading between 3
and 14 wt%. The major attraction for their use is to improve the water retention capacity of 
* Liquid electrolyte based PEC system at acidic and near-neutral pH conditions was used for initial screening of 
photoanodes.
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the membranes when operating at temperatures high enough to partially dehydrate the pure 
PEM. Composites membranes are usually prepared by the so called recast method which 
involves evaporating a solution containing the polymer electrolyte and the inorganic 
component to dryness at low temperatures.
As stated in manuscript III, it was not possible to use a pure PEM or composite membrane 
with the typical inorganic loading for PEC cell assembly by wet chemistry Nafion® adhesion
because of excessive curling up of the extremely flexible membranes. Increasing the solid 
loading up to 30-40 wt % (silica and phosphotungstic acid) gave membranes which were
more rigid but too brittle for practical use. With Mo0.5W0.5O3Âѿ+2O, it was possible to 
obtain a sufficiently rigid and flexible composite membrane at 80 wt % of the oxide hydrate.
This is perhaps due to the large amount of chemisorbed/adsorbed water associated with the 
surface of the oxide hydrate which could make for a stronger bonding between it and 
Nafion® - through hydrogen bonds for example.
Fig. 6.1: XRD patterns (a) and Tauc plot (b) of Mo0.5W0.5O3Âѿ+2O and NA-
Mo0.5W0.5O3Âѿ+2O. New peaks in the XRD of NA-Mo0.5W0.5O3Âѿ+2O are marked with 
asterisk. The inset in (b) is an image of the composite membrane (diameter is 20 mm).
The XRD patterns of Mo0.5W0.5O3Âѿ+2O and the composite membrane (NA-
Mo0.5W0.5O3Âѿ+2O) shown in Figure 6.1a are similar, except for a shift in peaks positions 
WRORZHUșDQGDSSHDUDQFHRIDIHZSHDNVVKRXOGHUV7KHVHQHZSHDNVFDQQRWEHLQGH[HG
to any known phase of WO3 or its hydrate and so are attributed to interaction of 
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Mo0.5W0.5O3Âѿ+2O with Nafion®. The shift in peak positions is also seen for pure oxide 
hydrate dried at 50 °C, and is therefore attributed to the effect of heat. The clear presence of 
WKH VLJQDO DW DERXW ș§  LQNA-Mo0.5W0.5O3Âѿ+2O indicates that Mo0.5W0.5O3Âѿ+2O
maintained its structure in the composite, including the usual large layers of chemisorbed 
water around the structural unit of WO3Âѿ+2O [9, 10]. These water molecules are expected 
to help in proton conductivity. The Tauc plots of Mo0.5W0.5O3Âѿ+2O and NA-
Mo0.5W0.5O3Âѿ+2O (Figure 6.1b) derived from analysis of the diffuse reflectance spectra 
show that Mo0.5W0.5O3Âѿ+2O maintain its optical band gap in the membrane, further 
indicating that its structure is maintained after embedding in Nafion®. An image of the 
membrane is shown in the inset of Figure 6.1b.
6.3   Carbon paper versus titanium-covered carbon paper  
We showed in manuscript III that the photocurrent of a solid state PEC cell with NA-
Mo0.5W0.5O3Âѿ+2O proton conducting membrane and TiO2 photoanode (TiO2/C-wet, referred 
to as TiO2/C in this chapter for the sake of simplicity) is limited at positive bias by the
availability of photogenerated charge carriers and that photocurrent generation and trapping 
of photogenerated electrons in the TiO2 defect sites are two competing processes. 
A general requirement for efficient electron transfer from a photoanode to a current 
collecting substrate is that the work function of the substrate should be lower than that of the 
photoanode, allowing for the formation of an ohmic contact at the photoanode/current 
collector interface [11]. It therefore follows that a better ohmic contact at the TiO2/current 
collector interface in our PEC cell might help improve photocurrent generation. In dye 
sensitised solar cells (DSSC)†, a Ti film substrate has been reported to lead to enhanced 
efficiency with TiO2 [12] while Ti film/ZnO interface is said to be superior to a contact 
formed between ZnO and other metals or fluorine tin oxide (FTO) [13]. Besides, Ti is a well 
known photoanode substrate in aqueous electrolyte based PEC cells. Therefore, we
deposited a 100 nm Ti film on carbon paper (Figure 6.2) by electron beam (e-beam)
evaporation ‡ and used it to prepare another cell, TiO2/Ti-C in the same manner as TiO2/C.
Its PEC response was also recorded with an irradiance of 62 mw/cm2, just like in manuscript 
III.
† A DSSC is a photoelectrochemical cell which converts photogenerated electron hole pairs to electricity, just 
like a silicon photovoltaic cell.
‡ Deposition done with a Leybold e-beam evaporator operating at a DC rating of 6-12 kV and beam power of 5 
kW at 12 kV.
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Fig. 6.2: SEM image of a Ti covered carbon paper. The darker points on the mesh are where 
the paper was scratched, revealing the pure carbon layer.
I-U plots shown in Figure 6.3a indicate that TiO2/Ti-C has a slightly better photocurrent than 
TiO2/C and that its photocurrent exhibited a lesser tendency to saturate at higher applied 
positive bias. EIS (not shown) indicate that TiO2/Ti-C show the same limitation to 
photocurrent posed by availability of photogenerated charge carriers as seen in TiO2/C; the 
two cells have similar electrolyte resistance and electrode impedance. Regarding the dark I-
U curves, TiO2/C displays a higher current and correspondingly lower resistance for 
electrolysis than TiO2/Ti-C, which may reflect that the carbon is covered and protected by 
the Ti and its oxide layers. This variation in the I-U curves indicates that a major part of the 
resistance of the electrodes resides in the anode, and that the H2-evolving Pt-C cathode has 
better and not current-limiting kinetics, as is normal in water electrolysis.
The dark currents arising from the discharge of photo-induced capacitance (reversal of the 
trapping process) of the TiO2-based cells are shown in Figure 6.3b, and generally indicate a 
higher current density for TiO2/Ti-C. At 0 V for example, the current density of TiO2/Ti-C
(TiO2/Ti-C “dark”) is about twice that of TiO2/C (TiO2/C “dark”). Utilisation of trapped
electrons may be in the form of anodic current generation [14], or opposition to anodic 
current like reduction reaction at the anode and recombination with holes [15]. The extent to 
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which the trapped electrons can be used for anodic current generation during their discharge 
would also be dependent on the photoanode/current collector interface. The Ti work function 
of 4.33 eV [16] is lower than the 4.6 to 5.16 eV reported for different forms of conducting 
carbon [17-19]. Anatase TiO2 work function is reported to be 5.23 eV, decreasing by more 
than 0.5 eV on exposure to UV light [20]. The lower work function of Ti may explain its 
better current collecting property. However, it has been stated that work function difference 
is not always the only criterion that defines the interfacial contact between a photoanode and 
its substrate [11].
Figure 6.3: (a) I-U responses of PEC cells with and without irradiation, (b) The dark I-U curves 
obtained after light scan. Measurements were made at 25 °C and with Ar+H2O+CH3OH
supplied to the anode compartment.
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Figure 6.4: I-t plots of TiO2/C (a) and TiO2/Ti-C (b) at 0.8 V (red, A), 0.4 V (blue, B) and 0 V 
(black, C); and (c) I-t plot of TiO2/Ti-C at 0.8 V C after the decay of its photocurrent had 
stopped. Measurements were made at 25 °C and with Ar+H2O+CH3OH supplied to the anode 
compartment.
The I-t responses of TiO2/C and TiO2/Ti-C are shown in Figure 6.4a-b. The magnitude of 
photocurrents in TiO2/Ti-C are lower than what its I-U curve would suggest and also 
contrary to the I-U results, lower than those of TiO2/C. It was discovered that the 
photocurrent of the TiO2/Ti-C decreased with time (in subsequent I-U measurements), which 
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explains the lower§ and decaying photocurrents at 0.4 and 0.8 V in the I-t plots. When 
photocurrent was monitored at 0.8 V over a period of 5 minutes, the photocurrent of 
TiO2/Ti-C decayed by about 15 % while that of TiO2/C did not but rather increased by about 
10 %.
The decay of the photocurrent of TiO2/Ti-C latter ceased as can be seen from Figure 6.4c. 
We attribute the initial decay to a gradual oxidation of the Ti film which increases the 
contact resistance between the photoanode and the current collector [13]. A possible 
explanation for the cessation of the decay is that at some point the oxidation of Ti stopped as 
a result of exhaustion of the Ti layer or the formation of a buffer layer of oxidised Ti. In spite 
of this decay, the slightly better photocurrent obtained with TiO2/Ti-C indicates that 
photocurrent of the PEC cells can be enhanced with an optimised photoanode/conducting 
substrate interface.
6.4   Light-to-photocurrent conversion efficiency 
From the I-t plot in figure 6.4a, at 0 V, 25 °C, and with an irradiance of 62 mW/cm2,
photocurrent peaked at  ȝ$FP2 for TiO2/C. That amounts to light-to-photocurrent
FRQYHUVLRQ HIILFLHQF\ ݅, of 0.6 %. Similarly, the hot-pressed cell (with triazole) in 
manuscript IV gave a photocurrent of ȝ$FP2 with a higher irradiance of 85 mW/cm2,
translating to ݅of 0.1 %. These values will definitely be higher if the actual percentage of 
the UV-visible irradiance that falls within the absorption profile of the photoanodes is taken 
into consideration. 
The non-hot-pressed cell conversion efficiency appears  comparable with the 0.5 % 
conversion efficiency recorded for an aqueous, acidic electrolyte PEC cell with similar 
design as ours (Nafion® membrane was used to separate the cathode and photoanode but the 
system was still fed with aqueous electrolyte) [21]. Unfortunately, there was no information 
on the spectral characteristics of the light source in the PEC cell utilising aqueous 
electrolyte, making a more direct comparison of ݅ difficult. Another PEM-like cell with
TiO2 nanotubes and aqueous alkaline electrolyte yielded 580 ȝ$FP2 of photocurrent at 0.6 
V applied bias and 70 mW/cm2 irradiance, which equates to about 0.5 % ݅. However, UV 
light of 365 ± 15 nm wavelength was used as the illumination source. A solid state PEC cell 
utilising TiO2 nanotubes and the vapour of 10 % ethanol in water produced a photocurrent of 
§ The I-t measurements were made after the I-U ones.
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ȝ$FP2 at 0 V. The efficiency of this system could not be determined because there was 
no information on the irradiance of the xenon-arc lamp used. Moreover, the photoanode was 
loaded with 0.5 wt % Pt, without which it was said to show very low photoactivity [22].
These light-to-photocurrent conversion values suggest that efficiencies of PEM-like PEC 
cells are still low at the moment in comparison to PEC cells with aqueous electrolyte 
separating the photoanode and cathode. )RU WKH ODWWHU݅ of 1.6 % (simulated sunlight, AM 
1.5) and 8 % (365 nm light, 10.5 mW/cm2) have been demonstrated with TiO2 nanowire [23]
and nanotube [24], respectively (the latter used 5 vol % ethylene glycol solution to enhance 
efficiency by about 40 %).
6.5   Substituting TiO2 with WO3  
WO3 was used to replace TiO2 in the PEC cell assembly. This was done in order to utilise 
the visible component of the light source and also to see if the photocurrent limitation at 
positive bias and the light induced capacitance charging are limited to a particular type of 
photoanode. Using mon-WO3 nanostructures prepared by combustion synthesis involving 
peroxotungstic acid and thiourea [25] and precipitation from peroxotungstic acid solution 
(ensuring no organic contamination) gave PEC cells with rapidly decaying photocurrent in I-
t run (see appendix), and so their use was discontinued. These m-WO3 samples were 
annealed in air between 400 and 450 °C. A stable WO3 based PEC cell (hex-WO3/C) was
obtained with the phase pure hex-WO3 nanorods (3.0 eV band gap) reported in manuscript 
I**.
The dark and light I-U curves of hex-WO3/C shown in Figure 6.5a are similar to those of 
TiO2/C, with photocurrent peaking DURXQGȝ$FP2, just above 0 V, and remaining more 
or less stable before exponential increase at above 1.0 V. It is interesting that hex-WO3/C  
shows some photocurrent because, in general, PEC cell with WO3 photoanode usually 
involves mon-WO3 prepared at higher temperatures of 450 to 600 °C [26-29] (compared to 
180 °C used for the preparation of our hex-WO3). C. A. Grimes et al. reported that mon-
WO3 (nanoflakes, 2.5 eV band gap) and hex-WO3 (nanowires, 3.1 eV band gap) 
photoanodes prepared at 180 °C by hydrothermal process showed almost zero photocurrents 
with applied bias and a solar (AM 1.5) irradiance of 100 mW/cm2. After annealing at 500 °C
in air and at a bias of 1.1 V, the hex-WO3 and m-WO3 photocurrents increased to about 700 
** The solid loading of WO3 was estimated to be about 0.8 mg/cm2, less than the 1.3 mg of TiO2 used in 
TiO2/C. This was because the dropcast suspension of Nafion® and WO3 nanostructures drained out easily 
through the carbon paper.
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DQG  ȝ$FP2, respectively [30]. They attributed this improvement to better 
crystallisation. Attempts to anneal our hex-WO3 nanorods at 450 °C and lower was not 
successful because the nanorods transformed into near-spherical particles.
Figure 6.5: (a) I-U curves of hex-WO3/C and (b) EIS spectra of hex-WO3&REWDLQHGDWȝ$
'&ELDVDQGȝ$$&DPSOLWXGH. All measurements were conducted at 25 °C while supplying 
the anode compartment with Ar+H2O+CH3OH.
By imposing a DC bias in the flat photocurrent region of the I-8FXUYH ȝ$FP2), EIS 
spectrum obtained under illumination (Figure 6.5b) indicates the presence of the Warburg 
type electrode impedance reported for TiO2/C. The dark EIS spectrum at the same bias 
(which lies in the electrolysis region in the dark I-U plot) shows an electrolyte resistance of 
aroXQG   FP2, also similar to the value for TiO2/C. This indicates that the lower 
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photocurrent of hex-WO3/C and OCPV of about 0 V – compared to about -0.4 V for TiO2/C 
– is due to less availability of photogenerated charge carriers in this cell.
The I-t responses of hex-WO3/C are presented in Figure 6.6, indicating well defined light on 
and off responses. The slow decay of current after light off, which is more pronounced at 0 
V, is an indication of the discharge of photo induced capacitance of WO3. The magnitudes 
of current remaining after 100 seconds of “light off” (in the first cycle of the respective I-t
plots) are about 1 and 20 % for TiO2/C and hex-WO3/C, respectively. This can be related to 
a better capacity of hex-WO3 for electron trapping and cation intercalation or simply to a 
difference in the electrical contact between carbon paper and the two photoanodes.
Figure 6.6: I-t plots of hex-WO3/C at 0.8 V (red, A), 0.4 V (blue, B) and 0 V (black, C). All 
measurements were conducted at 25 °C while supplying the anode compartment with 
Ar+H2O+CH3OH.
Severe decay of photocurrent with m-WO3 samples was also noticed by Choi and Seabold in 
WO3 prepared at 500 °C [31]. It was attributed to the formation of peroxo species on the 
photoanode surface after illumination – the species are formed by the oxidation of water or 
hydroxyl groups and are in competition with oxygen evolution for the photogenerated holes. 
They were able to employ a cobalt-based oxygen evolution catalyst to stop the photocurrent 
decay, with stable photocurrent demonstrated for several hours in a pH 7 electrolyte. This 
catalyst is not stable in acidic environment and so could not be employed in this work.
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6.6   Photoanode/electrolyte/reactant triple phase boundary 
The lower incident light-to-current conversion efficiency of the hot-pressed cells in 
comparison to the non-hot-pressed ones mentioned in manuscripts III and IV has been 
attributed to a reduced concentration of reacting water and methanol molecules. A more 
intimate mixing of the photoanode with Nafion® is therefore important in order to ensure 
sufficient hydration of the photoanode surface. Another important function of this mixing is 
to facilitate the quick transport of protons produced by the oxidation of the reactants towards 
the proton conducting membrane. This electrode/electrolyte/reactant triple phase boundary 
(TPB) is considered a key area that needs to be optimised in order to enhance the efficiency 
of PEM fuel cells [32, 33]. In this thesis, a fourth component, light, is added to the mix.
SEM images of non-hot-pressed TiO2 and hex-WO3, and hot-pressed TiO2 are shown in 
Figure 6.7. It is evident that the non-hot-pressed cell with hex-WO3 anode has a significant 
portion of the carbon paper current collector not covered by the photoanode, which implies 
that the current densities shown in Figure 6.6 above for this cell could be higher when the 
actual PEC active area of the cell is considered. One dimensional nanostructures such as
nanorods and nanotubes are of interest because they offer less resistance to the transport of 
photogenerated electrons. This is because electron transport through an assembly of 
nanoparticles of a certain average diameter will entail more encounter of the usually less 
conducting nanoparticle grain boundaries compared with travel along rods of same diameter 
but with lengths of hundreds of nanometres.
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Figure 6.7: SEM images of non hot pressed TiO2 (a) and hex-WO3 (b), and hot pressed TiO2
(c) on carbon paper. Unlike the others, the carbon paper could be seen in (b), implying an 
incomplete coverage of its surface. The inset in (c) is an edge image, indicating that the hot 
pressed TiO2 is also porous.
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Comparing the images of the hot-pressed and non-hot-pressed TiO2 photoanode, it can be 
seen that the non-hot-pressed one is more porous. Therefore it is likely that insufficient gas 
diffusion in the photoanode of the hot-pressed cell could have been an impediment, thereby 
also contributing to its lower efficiency.  On the other hand, as shown in manuscript III, the 
electrode resistance of the hot-pressed cell is much lower than that of the non-hot pressed 
one, which is due to a reduced contact resistance at the grain boundaries of the nanoparticles
and between the nanoparticles and carbon paper. In a PEM steam electrolysis in which the 
membrane electrode assembly is mechanically held together by clamping, prior hot-pressing 
gave an improvement in cell efficiency [34]. This may imply that gas diffusion in a hot-
pressed electrode is not hindered or that the gain in reduction of contact resistance of the 
electrode with hot-pressing outweighs any loss associated with reduced porosity. In light of 
this and considering that the SEM image of the edge of the hot-pressed TiO2 (inset of Figure 
6.7c) shows that it is probably sufficiently porous, it is likely that gas diffusion is not a 
limiting factor in its performance and that its lower performance is strictly related to the 
amount of Nafion® in the TPB as argued in manuscripts III and IV.
The arrangement of photocatalyst nanostructures when assembled into a film and the pores 
or in the film are also vital for enhanced light absorption, for example through enhanced 
light scattering. Based on the SEM images, it is not yet clear which of the photoanode 
assembly – hot-pressed and non-hot-pressed – leads to a better utilisation of incident light, 
though it appears, at face value, that the non-hot-pressed ones might have an edge in this 
regard. 
6.7   Suggestion for future improvements on solar-to-fuel conversion 
efficiency 
Maximising light absorption (down to longer wavelengths) and utilisation of photogenerated 
charge carriers are important for enhancing the efficiency of a PEC cell. TiO2 was mainly 
used as a photoanode in this thesis. A recent work on black hydrogenated TiO2 showed a 
significant absorption in the visible and infrared regions (and hence a much improved
photocatalytic and H2 generation property) [35]. It will be interesting to see how this 
particular TiO2 type can improve the photocurrent of our solid-state PEC cell.  
Further attempt at improving the visible light response of the solid-state PEC cells can be 
made by replacing TiO2 with mon-WO3, WO3/BiVO4 bi-layers [36], WO3/TiO2 bi-layers 
[37], and Fe2O3, etc. The latter however will need the use of a solid proton conductor that is 
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not acidic. As stated earlier in chapter 2, alkaline membranes with ionic conductivities that 
are close to the best performing solid proton conductors are not yet available. The use of 
alkaline proton conducting membrane will also make it possible to deploy the cobalt based 
co-catalyst developed by Nocera and co workers, which is active in neutral and alkaline 
environment [38]. This catalyst has been used to enhance the photocurrent of Fe2O3 by 500
% at 1.0 V applied bias with an alkaline electrolyte [39].
The WO3/BiVO4 bi-layer mentioned above not only enhances visible light utilisation 
(BiVO4 has a band gap of 2.4), but also improves the separation of photogenerated charge 
carriers in BiVO4. This is accomplished by having BiVO4 inject its photogenerated electrons 
into the conduction band of WO3 – the latter lies more positive (lower, vs NHE) than the 
conduction band of BiVO4 [40]. The superior charge transport property of WO3 contributes 
in making this approach realistic. However the same principle has been applied to Fe2O3 in a 
WO3/Fe2O3 architecture [41]. Since the conduction band of Fe2O3 is reported to be more 
positive than that of WO3 [42, 43] (see figure 3.3), it may imply that there is more to the 
beneficial effect of semiconductor bi-layer than the positions of their individual conduction 
band edges. In any case, a photoanode bi-layer provides another opportunity for improving 
charge carrier separation which can be complementary to the role of conjugated organic 
compounds such as triazole.
The importance of adequate hydration cannot be overemphasised; too little hydration and the 
resistivity of the cell increases, besides reducing the chances of capturing photogenerated 
holes at the TPB. On the other hand, too much hydration can damage the cell assembly as 
shown in manuscript IV, or impede diffusion of product gases. One way to obtain a high 
enough hydration level without damaging the cell could be the use of mechanical clamping 
of flow plates, as is done in PEM electrolysis [34] (see Figure 3.3). That means the flow 
plate on the photoanode side will have to be transparent. The lower electrode resistance in 
the hot-pressed cells and the higher photocurrent in the wet-chemistry assembled cells show 
that a combination of both processes is a potential way of preparing a cell with low 
resistance and good hydration.
The SEM images shown in Figure 6.6 above indicate that some photogenerated electrons 
would have to travel long distances before reaching the current collector substrate.
Incorporation of transparent conducting nanostructures in the photoanode region is a 
possibility for improving electron conductivity in the PEC cells.
107
7   Conclusions 
The world is too much with us; late and soon, 
Getting and spending, we lay waste our powers: 
Little we see in Nature that is ours… 
                                                                William Wordsworth
(In: The world is too much with us) 
In order to ensure the availability of enough energy to an increasing world population in the 
future, it has become important to diversify the available sources of energy, away from the 
current situation dominated by fossil fuels. Tapping into renewable energy sources has 
become an important part of this goal. However, there is no gainsaying the fact that a lot 
more research effort – and of course political will – needs to be ploughed into renewable 
energy development in order to achieve this.
This work has dealt with hydrogen and photocurrent generation in an all-solid-state PEC cell 
with gaseous anode reactants. Increase in the amount of photocurrent has been promoted by 
increasing operating temperature and the use of an electro-active organic molecule to 
promote a better utilisation of photogenerated charge carriers.
Nanostructured WO3 and WO3·ѿH2O were prepared and characterised by a variety of 
techniques in manuscripts I and II. An interesting observation on the nature of the positively 
charged defects – which charge compensated defect electrons – was noted: oxygen vacancies 
were responsible for the defect electrons in WO3, while defect protons were the primary 
reason or contribute significantly to those in the hydrated oxide. This combination of ionic 
and electronic defects makes both the oxide and its hydrate interesting for gas sensing (e.g. 
H2) and electrochromic applications, especially the hydrated oxide. In addition, the mixed 
ionic and electronic conductivity may find application in hydrogen separation/purification 
membrane.
Furthermore, it was possible to synthesise WO3 nanorods from a hydrothermal pot 
containing no other metal ion other than tungsten in less than a day, compared to a 
previously reported 7-day synthesis. A reduction in the optical absorption edge of hex-WO3
was accompanied by a simultaneous elimination of an impurity monoclinic phase. Even 
though the reason for this red-shift in absorption was not clarified, the development is still
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significant and may offer future insights into extending the optical absorption of the oxide 
further into the visible spectrum. This will be particularly important for the application of 
mon-WO3, whose band gap has been reported to be as low as 2.5 eV; mon-WO3 is the most 
used phase of the oxide in PEC applications. Comparisons of the optical properties of two 
hydrothermal WO3·ѿH2O samples prepared in different ways, and also a 50 % Mo 
substituted version of the oxide hydrate indicated that the same type of defect states are 
active in them. This was further narrowed down to defect protons by the analysis of 
deuterised sample of the hydrated oxide, in confirmation of earlier results. The peculiar 
nature of this hydrated oxide – stability of its structural water up to above 300 °C and 
presence of large number of chemisorbed and adsorbed water molecules – may have been 
responsible for the successful development of NA-Mo0.5W0.5O3·ѿH2O composite proton 
conducting membrane.
To assemble a working solid-state PEC device, two approaches were employed. One was 
using concentrated Nafion® solution as adhesive for binding the catalyst layers onto the 
proton conducting membrane. This was made possible by the composite membrane of 
Nafion® and Mo0.5W0.5O3·ѿH2O, as composites with some other commonly used inorganic 
materials were shown to be fairly rigid but brittle. It was important to have a membrane that 
was not only rigid but also flexible (not break during handling) in order to avoid excessive
curling up of the membrane during the wet chemistry device assembly. Solid state PEC cell 
assembled by the wet chemistry adhesion (non-hot pressed) method yielded photocurrent 
that was up to 15 times better than that of a cell assembled by the classical hot-pressing 
approach, as shown in manuscript III. This was in spite of the fact that the non-hot-pressed
cell has a total cell resistance that was up to 5 times more than that of the hot-pressed one.
The reason for the better performance in the non-hot-pressed cell was – at least partially –
attributed to a better hydration of the photoanode occasioned by the surrounding Nafion®
molecules.
It was also observed that the pseudo-capacitance of the TiO2 photoanode in the non-hot-
pressed cell was charged with illumination, simultaneously increasing with photocurrent 
with increasing irradiance. The implication being that charge intercalation in the TiO2 defect 
sites was in competition with photocurrent generation for photogenerated charged species -
protons and electrons. One way to counter this is to electrochemically fill the trapping sites 
prior to PEC operation, as pointed out earlier in section 3.4. That approach could not be 
109
implemented in our PEC cell yet. We however theorised that, given a more efficient 
TiO2/current collector interface, (photo)current generation can be made to dominate over the 
capacitance build-up and its associated effect on anodic current generation. This appeared to 
be confirmed by the general increase in current density when the carbon paper used as anode 
current collector was first coated with a thin film of titanium before deposition of TiO2.
WO3 was used in place of TiO2 in the non-hot-pressed cell as a way of extending the 
response of the PEC cell towards visible light. mon-WO3 from two different preparative 
routes gave rapidly decaying photocurrents. A PEC cell with a far more stable photocurrent 
was prepared using the hex-WO3 reported in manuscript I. The reason for the difference in 
behaviour of the PEC cells with the two phases of WO3 is not totally clear but may have to 
do with the surface and electronic properties of the oxides being different. The photocurrents 
from the cell with hex-WO3 were much lower than that with TiO2 – up to 8 times less with a 
bias of 0.4 V for example. However, the solid loading of hex-WO3 in its PEC device was 
lower than that of TiO2 by almost a factor of two.
Operation of solid-state PEC hydrogen generating devices at higher temperatures was mainly
restricted to the hot-pressed cells because increasing temperature led to a decrease in the 
photocurrent of non-hot-pressed cell. This was due to dehydration having a more dominant 
effect on photocurrent than temperature. Photocurrent was seen to increase with increasing 
temperature for the hot-pressed cells, limited eventually at higher temperature by stronger 
dehydration. It was shown by EIS that the increase in photocurrent with temperature is due 
to improved electrode kinetics while the electrolyte resistance decreased slightly with 
increasing temperature (likely due to drying of the anode layer). Thermodynamic analysis -
e.g. determination of activation energies - was therefore difficult to make due to this problem 
of dehydration.  
Furthermore, it was possible to significantly increase the photocurrent of the hot-pressed cell 
by incorporating triazole, a conjugated heterocyclic compound, into the photoanode layer. 
This increase was attributed to an enhanced efficiency in the separation of photogenerated
charge carriers at the TiO2 surface, based on TRPL studies. Triazole, which has been 
demonstrated to help in the proton conductivity of PEM in anhydrous environment, also 
served to mitigate against the slight decrease in electrolyte resistance with increasing 
temperature. An interesting observation that illumination decreased the electrolyte resistance 
of the hot-pressed cells was made. This may be understood as having to do with enhanced 
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hydrophilicity of the photoanode surface due to formation of hydroxyl groups following light 
irradiation, or increase in the concentration of protons with illumination. In addition, the hot-
pressing process was shown to induce a red-shift in the optical absorption of the TiO2
photoanode, which is in agreement with the observation from XPS that the valence band 
maximum of the photoanode shifted to higher binding energy.
Part of the objectives of this thesis was to run PEC experiments with solid oxide proton 
conducting membranes, in order to take further advantage of the favourable thermodynamics
and improved electrode kinetics at temperatures beyond the operational range of PEM. The 
major problem encountered with PEC cells based on solid oxide proton conductors was the 
difficulty in obtaining a high enough concentration of the photoanode/electrolyte/reactant 
TPB. Only an insignificant 1.3 ȝA/cm2 of photocurrent was obtained with such a device at 
400 °C and 0.8 V. It will be interesting to see what future improvement can be made to this 
design in order to enhance its efficiency.
Central to the quest for greater utilisation of renewable energy sources is materials science 
and technology, and this is especially true for PEC systems where a photoelectrode is 
expected to be a good semiconductor, with low recombination rate of photogenerated charge 
carriers, and at the same time, have appreciable charge transport properties. In addition, the 
photoelectrode has to be combined with a conducting substrate, an electrolyte and an 
electrocatalyst or another photoelectrode to form a functional cell. In such a system, as in 
many device assemblies in general, finding compatibility among different components is 
often a challenge. In this thesis, attempts have been made to prepare or select appropriate 
(nanostructured) materials and assemble them into a working device in the face of some
challenges having to do with material stability, component integrity, and utilisation of 
photogenerated charge carriers.
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Definitions and acronyms 
RES – Renewable energy source
OER – Oxygen evolution reaction
HER – Hydrogen evolution reaction
PEM – Polymer electrolyte membrane
PEC – Photoelectrochemical 
AM 1.5 – A definition of the typical solar irradiance (taken to be 100 mW/cm2) reaching 
the surface of the earth in temperate latitudes. It is used as a standard in testing
solar devices.
Ș– Light (solar)-to-current (chemical) conversion efficiency
EF – Fermi level
SCR – Space charge region, also known as accumulation or depletion region
EC – Conduction band edge
EV – Valence band edge
Vfb – Flat band potential
SOM – Small organic molecules
PL – Photoluminescence
GS – Ground state
ES – Excited state
TRPL – Time-resolved photoluminescence
EIS – Electrochemical impedance spectroscopy
CPE – Constant phase element
h-WO3 – Hexagonal WO3 
m-WO3 – Monoclinic WO3 
o-WO3āѿ+2O – Orthorhombic WO3āѿ+2O
ac-WO3ѿ+2O – Orthorhombic WO3āѿ+2O prepared from a solution containing acetic  
acid and urea.
g-WO3ѿ+2O – Orthorhombic WO3āѿ+2O prepared from a green solution, with no 
additives.
1D – One dimensional
DRS – Diffuse reflectance spectroscopy
DRIFTS – Diffuse reflectance infrared Fourier transform spectroscopy
HRTEM – High Resolution transmission electron microscopy 
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SAED – Selected area electron diffraction 
XPS – X-ray photoelectron spectroscopy
Pt-C – Platinum coated carbon particles
NA-Mo0.5W0.5O3Âѿ+2O – A composite membrane of Nafion® and Mo0.5W0.5O3Âѿ+2O
with 
a 4:1 weight ratio in favour of the oxide hydrate.
TiO2/C-wet (TiO2/C) – A PEC cell assembled with Nafion® as adhesive.
TiO2/Ti-C – Similar to TiO2/C-wet above but with the anode carbon paper covered with 
titanium film.
n-TiO2/C – Similar to TiO2/C-wet, but with membrane/electrode assembly made by 
hot-pressing.
nt-TiO2/C – A PEC cell assembled by hot-pressing but containing triazole in the 
photoanode layer.
Ar+H2O+CH3OH – A gas mixture of 97.5 % Ar, 2.27 % H2O and 0.23 % CH3OH.
I-U – Current vs. voltage 
I-t – Current vs. time
OCPV – Open circuit photogenerated voltage
PBI – Polybenzimidazole
TPB – Triple phase boundary
NHE – Normal hydrogen electrode
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Appendix 
 
 
 
 
 
 
 
The measured irradiance (measured power, integrated intensity from 300 to 500 nm) versus the 
set power of the Omnicure S2000 lamp. The irradiated area was 1 cm2 area and was set at a 
distance of 25.7 cm from the tip of the light guide. The irradiance measurements were made 
with Ocean Optics USB4000 and HR4000 spectrophotometers, both with detection range of 200 
to 1100 nm††.
Plot of irradiance vs deviation from 25.7 cm light guide-to-sample distance (WD). On the x-
axis, 0 corresponds to 25.7 cm and positive values denotes decreasing WD while negative values 
denotes increasing WD. This plot was used to determine the irradiance on deviating from WD 
= 25.7 cm‡‡.
††
‡‡ Measurements courtesy of Dr Augustinas Galeckas.
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&XUUHQWYVYROWDJHSORWRID0UHVLVWRUUXQWRDVFHUWDLQWKHUHOLDELOLW\RIWKHSRWHQWLRVWDWLQ
a 2 electrode set-up (black line is measured data while the red is the linear fit).
Current vs. time plot of a non-hot-pressed mon-WO3/C PEC cell at 25 °C and 0.8 V applied 
voltage. The fast decay is also seen at other bias voltages and 0 V also. The anode gas was 
Ar+H2O+CH3OH.
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Supporting information for manuscript IV
Fig. S1: High resolution spectra of O 1s peaks. The binding energies of O 1s from the 
photoanode are shifted to higher eV.
Fig. S2: XRD of representative samples. The diffractofram for nt-TiO2/C and nt-TiO2/G are
representative of n-TiO2/C and n-TiO2/G respectively. The cut portion in nt-TiO2/C is ascribed 
to graphite-2H from the carbon paper (JCPDS 041-1487)
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Fig. S3: Dark Nyquist plots of n-TiO2/C obtained with a DC bias of 0.4 V at various
temperatures. The plot at 0 V and those for nt-TiO2/C follow the same trend.
Preparation of samples for FT-IR
Triazole + TiO2 conjugate was prepared by first dispersing 15 mg TiO2 in 1 M H2SO4
solution, followed by stirring for 10 mins. Thereafter the nanoparticles were centrifuged and 
washed three times with deionised water. The acidified TiO2 was then dispersed in deionised 
water and 5 mg triazole (in isopropanol) added, followed by incubation for 5 mins (with 
stirring). The conjugate was separated by centrifugation and washed with deionised water 
and isopropanol. Nafion® was excluded in order not to obscure the signals from triazole. The 
samples were dispersed in KBr at concentration of 0.8-1.5 wt %.
